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PREFACE TO THE SECOND EDITION. 

The first edition of this work was based upon the 
theory advanced by Prof. Weyrauch in 1878, but owing 
to the. length of th^ demonstrations used by him, it 
was thought advisable to present different and shorter 
demonstrations in this edition. To show that the new 
demonstrations give identical results with tliose obtaiued 
by Prof. Weyrauch, his demonstrations have been given in 
an appendix as they appeared in the first edition. 

The new demonstrations are based upon the theory first 
advanced by Prof. Bankine in 1858. Those readers who 
are familiar with Bankine^s Ellipse of Stress can omit 
pages i to 9^. inclusive, in following the demonstrations. 

An attempt has been made to present the theory in. a 
shape easily followed by those who have only a knowledge 
of algebra, geometry, and trigonometry; whenever cal- 
culus has been resorted to, the work has been simplified as 
much as possible. For convenience in practice, the formu- 
las have been arranged in a condensed shape in Part I, 
and are followed by numerous examples illustrating their 
application. 

. The values of various coefficients have been computed 
and tabulated and will be found to very materially decrease 
the labor of substitution in the formulas. 

It is hoped that the introduction of a brief treatment of 
the supporting power of earth in the case of foundations, 
as well as the formula for determining the breadth of the 
base of a retaining-wall, will prove acceptable. 

m 
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iv PREFACE. 

For valuable help in the verification of proofs of formu- 
las, and the critical reading of the whole text, I acknowl- 
edge the kind assistance of Prof. Thos. Gray. 

M. A. H. 



PREFACE TO THE THIRD EDITION. 



Ik this edition a large number of examples illustrating 
several profiles of retaining-walls and types of foundations 
selected from existing structures have been included. The 
Appendix of the second edition has been replaced by a 
treatise on Foundations sufficiently short and, the author 
believes, sufficiently complete for the use of technical 
schools, if judiciotisly supplemented by lectures or refer* 
ences to descriptions of existing structures. 

M.A.H. 

Tbrrb Haute, Ind.,Nov. 1896. 



PREFACE TO THE FOURTH EDITION. 



In this edition the few errors found in the previous 
edition have been corrected. Table I has been considerably 
enlarged. Eeinforced-concrete retaining-walls have been 
considered in an Appendix of thirty pages, which includes 
the solution, in detail, of two examples. The formulas on 
pages 140-143 are presented through the courtesy of Mr. 
Edwin Thacher, who verified their correctness in the proof- 
sheets. 

M. A. H. 



PREFACE TO THE FIFTH EDITION, 



A NUMBER of changes have been made in this edition. 
The formulas for offsets in foundations have been revised. 
Appendix A, which considers reinforced concrete retain- 
ing walls, has been rewritten to conform with standard 
nomenclature and formulas. A large number of profiles 
of walls actually built are shown in Appendices A and B. 

M. A. H. 
Terre Haute, Ind., June, 1911. 
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NOMENCLATURE. 



/ 



= the angle of repose^ or the maximum angle which 
any force acting upon any plane within the mass 
of earth can make with the normal to the plane. 

e = the angle made by the surface of the earth with the 
horizontal; e is positive when measured above axid 
negative when measured below the horizontal. 

a = the angle which the back of the wall makes with 
the vertical passing through the heel of the wall ; 
a is positive when measured on the left and nega- 
tive when measured on the right of the vertical. 

6 = the angle which the direction of the resultant earth- 
pressure makes with the horizontal. 

0' = the angle of friction between the wall and its foun- 
dation. 

0" = the angle of frictioa between the back of the wall 
and the earth. 

H = the vertical height of the wall in feet. 

A = the depth of earth in feet which is equivalent to a 
given load placed upon the surface of the earth* 

-B' = the width in feet of the top of the wall. 

B = the width in feet of the base of the wall. 

Q = the distance in feet from the toe of the wall to the 
point where R cuts the base. 

xl ^ 



xn NOMENCLATURE, 

P = the resultant earth-pressure in pounds against a ver- 
tical wall. 

E = the resultant earth-pressure in pounds against any 
wall. 

R = the resultant pressure in pounds on the base of the 
wall. 

G = the total weight in pounds of material in the wall. 

y = the weight in pounds of a cubic foot of earth. 

W = the weight in pounds of a cubic foot of wall. 

p = the intensity of the pressure in pounds oh the base 
of the wall at the toe. 

p' = the intensity of the pressure in pounds on the base 
of the wall at the heel. 

p^ = the avei-age intensity of the pressure in pounds on 

the base of the wall. 
x = H tan a. 
x'^ and x' == depth of the base of the foundation below the 
earth surface. 

B'^ = breadth of the base of the foundation. 

= the oflEset of a foundation course. 

G^ = the total weight of the material above the base of 
the foundation. 
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THEORY OF EARTH-PRESSUEE. 

Preliminary Principles, — Before demonstrating the gen- 
eral formula for the thrust of earth against a widl^ it will 
be necessary to establish the relations between the stresses 
in an unconfined and homogeneoas granular mass. 

* In Fig. \\Qt AB. be any small prism within a granu- 

H F Q 





Fio. 1. 

lar mass which is in equilibrium under the action of the 
three stresses Py Q, and H, having the intensities j9^ q, and 
r respectively. , 

* In all the demoDstratioos wbich follow, the dimeDsion perpen- 
dicular to the page will be considered as unity. 
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'3 '•''.-•••• 'vSmmy'OF EARTH-PBESSTmE. 

Let represent the angle of inclination of the plane CB 
with A By and the angle at ^ be a right angle. 

The planes AB and AC are called planes of principal 
stress, and P and Q are called princiiml ::;tresses. 

Case I. If the principal stresses are of the same kind 
and their intensities the same, then will the resultant stress 
on any third plane be normal to that plane and its inten- 
sity he equal to that of either principal stress. 

In Fig. 1, for convenience, let -4-B = 1, then AC^ tan 0, 

and CB = s- Hence 

cos ff 



r 



P=Pf Q = jtan6> = ptan^, sincepssy, and ^ = ^. 

Since F, Q, and It are in equilibrium, they will form a 
closed triangle, as shown on the right in Fig. 1. Hence 



or 



J? = .P + ^, 
^ = ;^« +!>• tan« 6^ =;^'(1 + tan« /O; 



Also, B COB FDE=z P, 

or 2i cos PDF = p: but r = a 

cos u ^^ -^ 

Hence cos = cos PDF = cos HDGi 

. •• HDO = and R is normal to CB. 
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Case II. If the principal stresses are not of the same 
kind hut their intensities the same, then will the resultant 
make the angle B with the direction of the principal stress, 
hut on the opposite side from that on which the resultant in 
Case I lies, and its intensity be equal to that of either prin- 
cipal stress. 

The demonstration of Case I proves this principle if 
Fig. 1 is replaced by Fig. 2. 





Fig. 2. 

Case III. Oiven the principal stresses of the same kind 
hut having unequal intensities, to determine the intensity 
and direction of the resultant stress on any third plane. 

Let P and Q be compressive and the intensity jo > the 
intensity q. 

The following identities can be written: 



and 



P = i{P + ^)+h{p-^)> 



q = \{p + q)-\{p-qyy 
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or the resultant intensity on the plane CB ma,y be con- 
sidered as being the resultant of two intensities^ one being 
the intensity of the resultant stress caused by two like prin- 
cipal stresses having the same intensity l{p -{- q), and the 
other the intensity of the resultant stress caused by two 
unlike principal stresses having the same intensity i{p— q). 




Fig. 8. 

The intensity of the resultant stress caused by the first 
two principal stresses will he, by Case I, J(/? + q), and the 
direction of the resultant will be normal to the plane CB, 
By Case II the resultant of the second pair of principal 
stresses will make the angle with the direction of P, and 
its intensity will be \(p ■— q)'y then the resultant intensity 
can be found as follows: 

In Pig. 3 draw MD normal to DC, and make LD = 
\{p-\-q)] with L as a centre and LD as radius, describe 
an arc cutting FD at F. Then the angle LFD = LDF= 6. 
Lay oft LG = j^{p — q), and draw GD, which is the result- 



THEORY OF EARTH-PRESSURE, 5 

ant intensitjj and the intensity of the resultant stress on 
CD caused by the two principal stresses P and Q, GD 
also represents the direction of the resultant stress R. 

Since the intensities of the principal stresses remain con- 
stant, ^{p-^-q) and \{p — q) will remain the same for 
any inclination of the plane CB\ hence the intensity r of 
the resultant depends upon the angle when p and q are 
given. 

Prom Fig. 3, 

OL cos ^e = LM and GL sin 2,8 = OM, 
DM =DL + LM =i{p + q) + i{p- q) cos 36^, 



OD = r» = GM + DM\ 
or 



r = Vp" cos'' 6^q' sin* 8, . . . . {a) 

which is the general expression for the intensity of the 
resultant stress of a pair of principal stresses. 

As the angte^6' changes, the angle fi will also change, 
and it will have its maximum value when the angle 
LGD = 90°. This is easily proven as follows: 

With L as centre and GL M radius describe an arc; 
then /S will have its maximum value when the line VG h 
tangent to the arc; but when BG is tangent to the arc the 
angle LGD is a right angle, since Z6r is the radius of the 
arc. 

sin max /? = . ^ , (b) 

p + q 

from which the following can be easily obtained : 

j[> _ 1 -j- sin max ft . 

q ^ 1 — s'lti max /J' * • • • • \ ) 
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which expresses the limiting ratio of the intensities of the 
principal stresses consistent with equilibrium, p being 
greater than 5^. 

Case IV. Oiven the intensity and direction of the re- 
sultant stress on any plane, and the value of max ft, to 
determine the intensities ai^d jdirections of the principal 
stresses. - -, ^ > ' •• j 



i '1 
'i . 



:?<• 



• ."a 

\ 



"-, . 



£ ^ ' -J/ 

g7' 




Fig. 4. 



Let AD represent the given plane and GD the direction 
and intensity of the resultant stress at the point /). 

Draw Z>X normal to AD, and draw DI, making the angle 
max ft with LD. At any point / in DL describe an arc 
tangent to DT, cutting GD in A' and draw GL parallel 
to KJ\ with Z as a centre and LG b,8 radius describe 
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a circumference. This circumference will pass through Q 

GL 

and be tangent to DI\ hence -prj = sin max ft. 

Since sin max /3 = - — -, and GL and LD are com- 

P + 9 
ponents of r, 

GL = i{p-'g) and I)L = i{p + q); 
then ND=^NL + LD=:i{p-q)+i{p + q)=.p, 

and MD = LD-^LM= i{p + ?) - i(i? -q) = q, 

which completely determines the intensities of the principal 
stresses. 

According to Case III, the direction of the greater prin- 
cipal stress bisects the angle between the prolongation of 
LM and the line GL; hence EL represents the direction 
of the greater principal stress^ and that of the other is at 
right angles to JiL, 

The above intensities and directions being determined, 
the intensity of the resultant stress on any other plane 
passing through D is easily determined as follows: 

Let DY represent any plane passing through D, draw 
/>//' normal to DY and equal to i{p 4- q)* Draw R'D 
parallel to RL, and with L' as a centre and L'D as radius 
describe an arc cutting K'D at 0, and make L'G'= iip—q); 
then G'D = r' = the intensity of the resultant stress on 
DY. ^>^ 

It is clear that if the value of max /3 can be obtained 
for a mass of earth that the construction of Fig. 3 can be 
employed in determining the intensity of the earth-pressure 
at any point in a7iy plane within the mass. 
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It bas been establisbed by experiment that if a bodj be 
placed upon a plane, that (as the plane is made to incline 
to the horizontal) at some angle of inclination the body 
will commence to slide down the plane, and that this angle 
depends largely upon the character of the surfaces in con- 
tact. 




Fio. &. 

In Fig. 5 let -45 represent a plane inclined at the angle 
with the horizontal, and C any mass just on the point of 
sliding down the plane. • Let EC represent the weight of 
the mass (7, and ED and DC the components respectively 
parallel and normal to the plane AB. Then DE is the 
force required to just keep the mass C from sliding down 
the plane, assuming the plane to be perfectly smooth, or if 
the plane is rough this force represents the effect of fric- 
tion. 

DC = ^"^ ^^ 

or when the mass C is about to slide, the resultant pres- 
sure EC on AB makes the angle <p with the normal to the 
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plane, the angle being the inclination of the plane AB, 
and is called the angle of friction. 

In the case of earth, considered as a dry granular mass^ 
the inclination of the steepest plane upon which earth will 
not slide is called the angle of repose, and the plane the 
surface of repose. 

From the above, then, it follows that in a mass of earth 
the resultant pressure on any plane cannot make an angle 
with the normal to that plane which is greater than the 
angle of repose ; therefore the construction of Case IV 
applies to earth when max ft is replaced by 0. The values 
of <t> for earth under various conditions are given in 
Table II. 

The preceding principles will now be applied in deter- 
mining the thrust of earth against a retaining-walL 

• - - - 

EARTHPRESSURE. 

In order that the formulas may not become too complex 
for practical use, it will be assumed that the earth is a 
homogeneous granular mass without cohesion. The surface 
of the earth will be considered to be a plane, and the length 
of the mass measured normally to the page as unity. 

* Given the intensity and direction of the resultant stress 
at any point in any plane parallel to the surface of the 
earthy the inclination of the surface of the earth with the 
horizontal, and the angle of repose, to determine the in- 
tensity and direction of the resultant stress on a vertical 
plane passing through the same point. 

*Por comparison, see the ** Technic," 188^; a construction by 
Prof. Greene. 

Tbe construction follows (see Fig. 4, above) directly from Ran- 
kine's Ellipse of Stress. 
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In Fig. 6 let BQ represent the surface of the earth, and 
D any point in the plane -4 Z> parallel io BQ', drAvr DQ 
normal to AD, and make tlie vertical OD equal to QD; 
then GDy ie the intensity of the resultant pressure at D. 
Draw DM, making the angle ip '^ith LD, and with L aa 
centre describe an arc tangent to DM^nA passing tlirough 
G; then by Case IV LOy = \{p - q), LD-y = ^{p -\- q). 




and RL bisecting the angle QLO is tfae direction of the 
greater principal stress. To determioe the intensity and 
direction of the resultant stress at Z) on a vertical piano, 
proceed according to Case IV. Draw R'D parallel to liL 
and DL' = DL normal to DO. With /,' as a centre and 
L'D as radius describe an arc cutting R'D at R", and tnako 
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UO' = iff;, then DO' represents the direction of the 
resultant stress, and DO'*y the intensity of the resultant. 
In Pig. 6 the angle R'DU = DR"U = 90° - a? + ^. 
/. G'L'D = 2<» - 2ft But 26^ = tt? + e; hence O'L'D 

= CO -- €. 

Draw LY^LG; then the angle DLY = co-^ e. .% Since 
LD = DL' and LY= LG = L'G'y the triangle O'L'l) 
equals the triangle LYD and the angle G'DV = e; or the 
direction of the resultant earth-pressure against a vertical 
plane is parallel to the surface of the earth. 

From Fig. 6, 

i( j9 — q) cos GO = GX * y. 
Up "" Q) sin <^ = LX* y. 
Up + Q) cos 6 = DX- y. 

Now DY^DG' ^DG" 2(?X, 



or 



and 



DG' • y = Z>ff • y — (t? — ?) cos go 

= i(i^ + 2) cos e — i^(/? — q) cos a?, 
i(P + S') • si^ ^ •• ¥<P "" 5') • sin e, 



P + 5^ • 
Bin (»t= ^-— i— i sm €, 



or 



cos 00 



= i/i - (^y Bin' . = /^-'^^•" -t?"^'' 



and since \{p + 5^) sin = J(/? — §'), 



cos G? = -: V^COS' € — COS* 0. 

sin 
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Substituting this value for cos co in tl^e equation for 
DO' 'Yy it becomes 

1 



DO'^y = i{p + q) cos e — i{p—q) -- — -r i^cos" e — cos" 0, 

1 P + g 
or since -; — - = ^ ^ , 

sm JO -- g' 

/>(?' . ;/^ = J(p -f gr){c08 6 — VCOS' € — COS* 0}. 

In a similar manner, 

DO • y = !(/? + 5^) {cos € + 4^008* e — cos* 0}, 
and 



J6r^ _ cos € — V'COS' € — COS* ^ 

Z>G^ COS € + Vcos' € — cos" 
hence 



DO' — DG ^^^ ^ "~ ^^^Q^' ^ ^ ^^^' ^ 

cos € + 4^008' € — cos' 

Let a; = the vertical distance between the two planes 
BQ and AD, then 

D0=^ DQ = x cos €. 

cos € — 4/008' € — COS* 



. • . Z>ff ' • y = (a:) y COS e 



cos e + f^cos' € — cos' 



which is the expression for the intensity of the resultant 
earth-pressure on a vertical plane at any depth x below the 
surface. 
Let 



-, jt cos € — VCOS' € — cos* , ,v 

^ A = COS 6 , . . (a) 

COS 6 4- T cos' e — cos' 

* See Rankine's Applied Mecbuuics ; Alexander's Applied Me- 
cbanics ; Theories of Winkler and Mohr. 
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The average intensity of the resultant earth-pressure on 
a vertical plane of the length x will be 



%y' 



and hence the total pressure will be 



p^'ty^ («) 



Since the intensities of the pressures are uniformly varying 
from the surface^ and increasing as x increases^ the appli- 
cation of the resultant thrust will be at a depth of \x be- 
low the surface. , 

Considering the earth as an unconfined mass, the above 
formula is perfectly general and can be applied under all 
conditions^ including the case when e is negative. 

The resultant stress on any plane sa ABy Fig. 6^ can be 
found by applying the principles of Case IV. Draw PA 
parallel to RLy make AN= ZZ>and NO = L0\ then AO 
represents the direction of the resultant pressure on AB. 
Make AC ^ A0\ then the area of the triangle ABC mul- 
tiplied by y is the total pressure on the plane AB, and this 
pressure is applied at \AB below B. 

In unconfined earth this construction is perfectly gen- 
eral and applies to any plane. It also applies equally well 
to curved profiles. An example illustrating the applicii- 
tion of the method will be given in the applications. See 
pages 54 and 55. 

The following graphical construction. Fig. 7, is more con- 
venient than that of Fig. 6. 

As before, let BE represent the surface of the earth, and 
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AD B, plane parallel to the surface. At any point D in 
this plane, draw DE vertical and make DF= BE ; draw 
FG horizontal and make the angle HFD = 0. 

With Z as a centre, describe an arc passing through G 
and tangent to MF; then with Z as a centre and LF as 




Fio. 7. 



radius, describe the circumference FON^ cutting AD at N\ 
through N draw NO parallel to AB, then draw AC nor- 
mal to AB and equal to OG. The area of the triangl** 
^i? (7 multiplied by y will be the total earth-pressure on 
AB. To determine the direction of the thrust prolong OG 
to Q, then QN is the direction of the thrust. 
That this construction is equivalent to that of Fig. 6 Is 
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proved as follows. The triangle GLF of Fig. 7 equals the 
triangle OLD of Fig. 6. 

.*. OL'y =ii{p — q) and LF^y = LO-y = i{p+ q). 

In Fig. e, the angle J^AF = iVP^ = 90^- l(<w-€)^<r. 

. • • OJ^A = 07 — € -|- 2a. 

In Fig. 7, the angle OLN=2€-2a. But (?iiV^= (w+e. 

.•• dLO= GJ— € + 3a, 

and 00 ot Fig. 7 equals ^ of Fig. 6. 

In Fig. 7, the angle QNO = 90"" - /?'. 
In Fig. 6, the angle GAB = 90° - /?'. 

Therefore the direction of the thrust is the same in both 
constructions. 

The two constructions given above are all that is re- 
quired to determine the thrust of earth upon any plane 
within the mass of earth, as one can be used as a check 
upon the other; but as a formula is often very convenient, 
a general formula will now be deduced which will enable 
one to determine the values of F and d for any plane with- 
in a mass of earth. 

General Formula for the Thrust of Earth. 

In Fig. 8, let BQ represent the surface of the earth and 
AB any plane upon which the earth-pressure is desired. 

Draw AD parallel tj BQ and let the vertical distance 
QD=:FA== X. 
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From {e) the earth-pressure upon FA is parallel to the 
surface and equal to 



\^ 



x^ 



P = ^VA. 




Via. 6. 



But AF= a; = ^(1 + tan a tan e) = ffSS^ — ^; 



cos a cos e' 



„ _ Hy cos' (6 - a) 
2 cos a cos € 



. a) 



Now' the thrust P combined with the weight of the 
prism ABF must produce the resultant pressure upon AB. 
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Then from Pig. 8, 

V = — ~- tan Of (1 + tan a tan e) 

__ Wy sin a cos (e — or) . 

^ 2 cos' a cos € ^ * ^^ 

JE^=: i^( V+P sin €)»+(P cos e)* = VV'+P^+ 2 VP sin e. 

Substituting (/) and (^) in this it becomes 

^^S^ cos (e - g ) 
2 cos* a cos 6 



/i/sin* a + 2 sin a sin e cos {e — a) 1- cos' (e — a) 

f ' cos 6 ' 



^« 



cos-e 



which becomes, by replacing A by its value from (rf), 

iTV cos (g - g ) 
2 cos* a cos e 



+ sin' a 



. ^ . , , ^ cose— i/cos* e— cos' 

•{- 2 sin g sin e cos (e— g) === 

cos e+ Vcos* 6— cos' ^ /j\ 

I cos e — Vcos* e— cos' ) ' 

+ cos' (e — g) "J ;^ — ^ — —. r^^ > 

( cos € + ycos' e—cos* ) 

^hich is the general equation for the thrust of earth upon 
any plane within the mass. 

To determine the direction of the thrust of the earth, 
let d be the angle which the direction of the thrust makes 
with the horizontal; then, from Fig. 8, 

V 

iAn d = -rr \- tan 6. 

F cos € 
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Substituting the values of V and P given above, this 
becomes 



tan d = ^^^ Of cos 6 + sin e cos {e ^ a) A 

cos e cos {e— a) A ^ 

where 



(la) 



J, COS 6 — f^cos' e — cos" d> 
-4 = cos € ^ , 

COS € + r cos' € — cos' 



(^) 



Equations (1) and (la) are readily reduced to more sim- 
pie forms for special cases. These forms will be found on 
pages 23-25. 

Tlie Plane of Rupture. — Although it is not necessary to 
know the position of the plane of rupture in order to deter- 
mine the thrust of the earth, yet it may be of interest to 
know its position, which can be easily determined as fol- 
lows: 

The plane of rupture will be back of the wall and pass 
through the heel of the wall. The resultant earth-pressure 
• will make the angle with the normal to this plane. Now 
the tangent of the angle which the direction of the result- 
ant earth-pressure on any plane makes with the horizontal 
is determined from the formula 

^ sin a 

tan o = — -- -U tan 6. 

cos (e — a) A 

If GO represents the angle which the plane of rupture makes 
with the vertical passing through the heel of the wall, 
a 7= GO and (J = + ^• 

tan (0 -f G?) = -. r— 7 + tan e, 

* ^^ ' ' cos (e - go) A ' 

from which the value of go can be determined for any case. 
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For the case where e = 0, e being positive with respect 
to the wall and negative with respect to the plane of rupture, 
the above equation becomes 

tan {<f>+ ca) = t-t^—. :i — tan 0, 

^ ' cos (0 -|- go) cos ^ 

which is satisfied when aa = 90° — • 0. 
For the case where e = 0, 

A /^ I \ sin (» 

tan (0 + Q?) = — , 

cos CO tan' ' ^'^^ * 



K-i) 



which is satisfied when co = 45° — ~. 

Reliability of the Preceding Theory, — The preceding 
theory is based upon the assumptions that the earth is a 
homogeneous mass and without cohesion^ and the formulas 
are deduced under the assumption that the surface of the 
earth is a plane. 

All writers on the subject have considered the earth as a 
homogeneous mass and^ with a few exceptions^ without 
cohesion. 

Old and recent experiments indicate that cohesion has 
very little effect upon the pressure of the earth, which ex- 
plains why it has not been considered by most writers. 

The assumption of a plane earth-surface is necessary 
whenever practical formulas and direct graphical construc- 
tions for obtaining the thrust of the earth are obtain^. 
General formulas can be deduced for any character of sint 
face, but they are too complex for practical use. Those 
graphical constructions which do not require a plane earth- 
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surface are not direct in their solution of the problem, but 
require a series of trials to obtain the maximum thrust. 

If the earth-surface is not a plane, one can be assumed 
which will give the thrust of the earth sufficiently exact 
for all practical purposes. 

For unconfined earth no exceptions can be taken to the 
preceding theory, the assumptions upon which it is based 
being accepted, and for confined earth the theory must be 
true when the direction of the principal stress paasing 
through the heel of the wall lies entirely within the earth. 

For all cases in which a and 6 are positive the theories 
of Rankine, WinkleVy Weyrauch, and Mohr agree and give 
identical results with the preceding theory, as they should, 
being founded upon the same assumptions. 

When a is negative Wey ranch does not consider his 
theory reliable, and hie equations lead to indeterminate re- 
sults. 

Winkler and Mohr consider their theories reliable when- 
ever the direction of the principal stress passing through 
the heel of the wall lies entirely within the earth. 

Rankine^s method of considering the case where a is 
negative is equivalent to assuming that the introduction of 
a wall does not affect the stresses within the mass. 

It may be concluded that the preceding theory is per- 
fectly exact when a and e are positive; and when or or 6 is 
negative that the stresses obtained will be the maximum 
which under any circumstances can exist. 

For the case where e is negative the stress obtained 
will be considerably larger than the actual stress (when 
a wall is introduced), depending upon the magnitude 
of €. For small values of e the results will be practically 
correct. For large values of e the following method can 
be employed in determining the thrust of the earth. The 
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method depeoda npon the assumption that the pressnre 
of the earth is normal to the back of the wall. This may 
or ma; not be the case, but it appears to be the most con- 
sisteDt asBamptioQ to make for tlUs rare aad Dot important 



Fiad 

* In Pig. 9, let AB be the back of the wall and Bft\m 
gui'face of the earth. Make Ba = nb = bc = cd = etc. 
Some prism BAa or BAb or BAc, etc, will prodace the 
maximum thrust on the wall; and when this maximum 
thi-nst is prodnced, the resnitant preesnre on the plane Aa 

•See Vhii Nostraiirt's Magazine, xni, 1877, p. 5. "New Con- 
itructioDS Ig Qr&pbloi) 8tirtics," by H. T. Eddy, C.B,. PL.D. 
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ov Ah or Ac, etc., will make the angle 0^ with the normal 
to the plane. 

On the vertical line Ad' lay oflf -4a'=a'^'=^V, etc., and 
draw Aa" making the angle with the normal to Aa, Ah" 
making the angle with the normal to Ah, etc.; then draw 
a'a''y h'h"y etc., perpendicular to A By and draw a curve 
through Aa"y h", c", etc. Then there will be a maximum 
distance parallel to a' a'* between AiV and this curve which 
will be proportional to the thrust of the earth against AB. 
This maximum distance multiplied by the altitude Ac -t-2 
and the product by y, the weight of a cubic foot of earth, 
will be the pressure of the earth. 

This method is perfectly general and can be applied in 
any case. 

If the earth-pressure is assumed to have the direction 
given by the formulas of the preceding theory, the con- 
struction will give the same value of B, the pressure of the 
earth. 

Some writers assume that the direction of j^ makes the 
angle 0"= with the normal to the back of the wall in 
all cases. This assumption cannot be correct until the wall 
commences to tip forward, and then it is doubtful that such 
is the case unless the earth and wall are perfectly dry. 

To be on the side of safety in every case, it is better to 
take the direction of U as given by the above theory. 

The construction of Fig. 9 will give the maximum thrust 
for Any assumed direction for any case. 
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In the following formulas a and e are considered as 
positive, and the wall is assumed to be one foot long. 

Case I. General case of iticlined earth-surface and in- 
clined back of wall, 

^^ irVeo8(6-a) 
2 cos' a cos € 




or 



sin' a -}- cos* {e — a) i 



-\- 2 sin esin acos (e 



-a) I 



cos e — V'cos* e — cos* ( ' 
cos € 4- -i^cos* e — cos* ) 

' ^ iLL. • (I) 

cos 6 — 4/cOS* € — cos* i ' ^ ' 



COS e + |/cos* e — cos^ 4> 



^^ ^^ Bin acos 6 + Bin CCO8 (6- aM , (1^) 

COS e cos (€ —- a)A 

or tan d = 7 r— r + tan e, .... (I'a) 

cos (€ — a)A 
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where 



. cos € — Vcos' e — cos' , « 

-4 = cos € . . . yd) 

cos e + r cos' e — cos' 
Case II. Surface of earth inclined and a = 0. 



rr „ -H V ( COS € — 4/cOS' 6 

E—P = —^ \ cos e . 

'^ ( cos 6 + ▼ cos' € 



^^?lf=^l. (2) 
— cos' ) 



From Diagram I the values of A can be found for all 
values of from 0° to 90° and of e from 0° to 90°, vary- 
ing by 5°. 

S = €; {2a) 

or for all vertical walls the direction of the earth-pressure 
IS parallel to the surface of the earth. 

Case III. The surface of the earth parallel to the surface 
of repose. 

€ = 0. 



E = -^V co8(0 — a ) w^sin' a + cos' {(!> — a) ~ .^v 
2 cos' a cos '^ + 2 sin a sin cos (0 — - fl^)* 

tan tf = "'° ^ + J" ^^,7 <^ - ^) . . .(3«) 

cos COS (0 —a) ^ . 

Case IV. TAe surface of the earth parallel to the surface 
of repose and the hack of the wall vertical. 

6 = and a = 0. i 

JS'=^"^cos0. (4) 

(^ = (4r/) 
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Case V. Tlie surface of the earth horizontaL 

€ = 0. 

E = ^ l^tan' a + tan^ ^45° - |). . (5) 

tan oi 
tan- (45= - 1) 

Case VI. Tlie surface of the earth horizontal and the 
back of the wall verticah 



6 = and or = 0. 



E 



=:&tan'(45°-D .... (6) 



<y = (6^0 

Case VII. Fluid pressure. 

6=0 = 0. 

E^^^-^ (7) 

2 cos a ^ ' 

d=a (7fl) 

Graphical Cois^structions for determikikg the 

Thrust of Earth. 

The following constructions are perfectly general, and 
apply to any plane within a mass of earth. When applied 
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for determining the thrust of earth against a retaining-wall, 
a and 6 are taken as positive. 

* Construction (a). 

Let BE represent the surface of the earth and BA the 
back of the wall. Draw AF parallel to BE, and at any 
point D in AF lay oflf DF equal to the veitical DB. Draw 




Fig. ia 

FO horizontal, and FH, making the angle with DF, 
With any point Jin DF describe the arc KI tangent to 
HF at / cutting FG ut K, and draw GL parallel to KJ; 
with L as a centre and LF as radius, describe the circum- 
ference FQON cutting AD at jV. Through iV'draw NO 

* See "Theorie desErddriickes auf Grund der neueren Anschau- 
ungen," by Prof. Weymucb, 1881. . 
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fNirallel to AB cutting the circumference FQO.V at 0; 
at A draw A eqtml to 0(f and normal to AB; the ar«a 
of tlie triiingle ABC multiplied by ;' will be the thrust of 
the ejirth oil the wall. 

To determine the direction of the thrust E, prolong 00 
to Q; then QJVwill be the direction of the thrust. 

This thrust acts on the wall at ^AB below B. 
' * C'o}ii>lructiim (4). 

Let BQ represent the surface of the earth, and BA tho 
back of the wall. Draw AD paiallel to BQ, and Ht any 




point D in AD draw the vertical DG equal to the normal 
DQ; draw DI^ making the angle with the normal DQ. 
• Tlifs couEtruclion follows direclly from Itanklnn's Ellipse of 
Stress. See Bankiue's Applied Mechanics. 
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At any point J in DQ as a centre, describe the arc /fi' tan- 
gent to DM cutting DG B,t K, and dmw QL paniUcl 
to JK. Bisect the angle QLG^ and at A draw AP parallel 
to LIL At A draw AN normal to AB and equal to DL; 
with N as a wntre and AN as radius, describe an arc 
AP cutting ^P at J^; connect P and N, jind make AO 
equal to L6; with ^ as a centre and J as a radius, de- 
scribe the arc OC'cuttiug ANQ,t C; then the area of the 
triangle ABO multiplied by y will be the thrust against 
the wall. The direction of this thrust is parallel to .4 
and it is applied at ^A B below B. 

The constructions (a) and (b) give identical results in 
every case. 

Stability of Tbapezoidal Walls 

As the majority of walls retaining earth are trapezoidal in 
section, the stability of such walls alone will be considered. 
If other forms occur in practice they can be divided into 
trapezoidal sections with horizontal beds, and the stability 
of each considered, commencing with the upper section. 

Walls having the rear faces in the form of steps can 
usually be considered as trapezoidal in section by re- 
placing the stepped portion by a straight line which 
approximately bisects each step. If the front faces are 
stepped they can be treated in a similar manner. 

In case the front face of the wall is curved in profile, 
the curve may be replaced by straight lines which are 
chords of the curve, thus dividing the section into as many 
trapezoids as there are chords. 

It will be assumed that the direction and magnitude of 
the earth-pressure is known, that the position and extent 
of the back of the wall, and the width of the top are given. 
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to determine the width of the base for stability against over- 
tamiug, eliding;, and cmshing of the material. 



Stability agahiaf Overtitrnivg.—l^i A BCD, Pig. 12, rep- 
resent a section of a trapezoidal vail, TR the direction of 
the earth-thriiftt, JG the vertical passing through the cen- 
tre of gravity of the wall, and JO the direction of the re- 
sultant pressure on the base AD caused by £'and 6. 

As long as R cuts the base AD, the wall will be stable 

against overturning. When R takes the direction JQ, the 

wall may be said to be on the point of overturuing; then 

ON 
the factor of safety against overturning is ~^, where ON 

is the actual value of E, and QN the value of E required to 
make the resultant R pass through D. 

Stability againat Sliding. — Since the wall will not slide 
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along the surface DA until the resultant R makes an angle 
with the normal to DA greater than the angle of friction 
0', the factor of safety against sliding can be obtained as 
follows: Draw «/P making the angle JJ/f7=0'; then 

PN i 

the factor of safety against sliding is yr-vv,^herePJV^isthe 

force required in the direction of B to make R make the 
angle <p' with the normal to AD, and OiV" the actual value 
of ^. 

StabilUy against the Crushing of the Material.— In ordi- 
nary practice walls for retaining earth are not of sufficient 
height to cause very large pressures at their bases, but it 
is necessary to consider the subject on account of the ten- 
dency of the bed-joints to open under pertain conditions. 




Fio. 18. 



Let A By Fiff. 13, represent any bed- joint in the wall, P 
the vertical resultant pressure upon the joint, and x^ the 
distance of the point of application from the centre of the 
joint. 

The intensity of P at any point can be considered as com- 

p 
posed of a uniform intensity ^^ = ^,anda nniformly vary- 
ing intensity j)^\ so that i?^ = i?o + Pt!* ^©^ ^ equal the 
tangent of the angle ODE, then jo/ = ax and^^: ^i't + ^^» 



\ 
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The pressure upon a surface {dx) — the joint being con- 
sidered unitj in the dimension normal to the page — is 

Pgjdx =Pgdx -{- axdx, 

and the moment of this about DB is 

{p^dx + axdx)x. 
The algebraic sum of these moments for values of x be- 
tween the limits ± -^ must equal Px^, or 

4V 



Px^ = / {PoXdx + aafdx). 



Integrating, 



_ 12x,P._ 12^, 
B' "" B' 



^ — niT" — D« » 



and 



B* + I'itxx^ 
Pm = ^ Pf 



or making x = ^Sf 

and if x^ be replaced by ^B - Q, where Q is the distance 
from A to the point where P cuts the base, (Pig. 13,) 

and 

p' = and p = Hp^ 
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from which it is seen that when R cuts the base ontside 
the middle third, the joint will have a tendency to open at 
points which are at a maximum distance from R where it 
cuts the base. 

Therefore in no case should the resultant pressure be 
permitted to cut the base outside the middle third* This 
makes it unnecessary to consider the stability against over- 
turning. 




Then in designing a wall the following conditions must 
exist for stability: 

I. Tlie resultant R must cut the base for stability offainst 
overturning. 

II. The resultant R must not make an angle with the 
normal to the base of the wall greater than the a?igle of fric- 
tion 0'. 
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III. The resultant R must not cut the hose outside of 
the middle third, in order that there may be no tendency for 
the bed-joints to open. 

The above three coDditions apply to any bed-joint of the 
wall; but if they are satisfied at the base and the wall has 
the section shown in Fig. 14, it will not be necessary to 
consider any joints above the base unless the character of 
the stone or the bonding is different. 

Determination of the width of the base of a retaining- 
wall under the condition that R cuts the base at a point 
\B from the toe of the toalL 

Let ff, B% X, d, and B be given to determine B. 

From Fig. 14, 

Jr^=|sin d + f^cos d -^siu d, 

6 o o 

rrr> - g-g* + ^BB' - Bz - 2B'x - B^ 

~ Z(B + B') ' 

TTW- TT^ B_ B' + BB'-Bx-2B'x-B'* 
air - au ^ - ^^^ ^ ^,^ 

For eqnilibrium 

E(KF) = G{HF) = ^\^ HW(ffF). 

hi 

Substituting the values of A'j^and HF in the above and 
reducing; it becomes 

4^ . 



^ + S{^^i^^+^'-^) 



= ^^ircosd + a:sind) + 25'a;+5'% . (8) 
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which is the general equation for the width of the base of 
a trapezoidal wall. 

For a rectangular wall B' = B. 

For a triangular wall B' = 0. 

For a wall with a vertical front B' -{• x =^ B ov 
B' = B-x. 

For a wall with a vertical back ic = 0. 

Equation (8) is easily transformed to satisfy the require- 
ments of special cases. 

The width of the base can be found graphically by as- 
suming a value for B and finding the value of C; if it is 
less than \B another value of B must be assumed^ and so 
on until Q is equal to or greater than \B. 

FoBMULAs FOB Tbapezoidal akt) Tbiakgular Walls. 

Formulas for the width of the base of trapezoidal walls 
under the condition that the resultant R cuts the base at 
a point distant from the toe of the wall equal to one third 
the width of the base, or Q = \B. 

Case I. "Jlie general case in which the back of the tvall 
is inclinedy and E makes an angle with the horizontal. 

\ 

= -^ (h cos d + a^ sin d\ + %B'x -\-B'\ . (8) 

Case II. The hack of the wall vertical. 

ic = 0. 

^* + ^ (i^'^^ <^ + 5') = ^ cos 6 + B'\ (9) 
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Ga8B III. The hack of the wall vertical and the thrust 
normal to the wall. 




\t B = B' and T = 0, the section of the wall is a rec- 
tangle, and (9) becomes 



and (10) becomes 



' W 



. (lOo) 
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Formulas for the width of the base of triangular walls 
under the condition that the resultant R cuts the base at 
a point distant from the toe of the wall equal to one third 
the width of the base, or Q = \B, 

Case I. llie general case in which the back of fJie tvall 
in inclined, and E makes aji angle tvith the horizcyntah 

B'+B (i^ sin <y - a;) = -H^ (ZTcos d + x%m 6). (11) 

Case IL Tlie hack of the wall vertical, 

, a = 0. 

Case III. Tlie back of the wall vertical^ and the thrust 
normal to the wall, 

a: = and 6 = 0. 

^=/f. (13) 

Tlie above formulas do not contain the condition that R 
shall not make an angle greater than 0' with the normal to 
the base of ihe walh 

From Fig. 15, 

tan 0' > -TTT—rr- — -^ = tan LJK, , . (14) 

which expresses the condition V7ider which the wall will 
not slide. 



FOUNDATIONS FOR WALLS RETAIN- 

ING EARTH. 

The design of the foundations for retaining-walls has 
received but little attention by writers upon engineering 
subjects, and the practical engineer has not published to 
any great extent examples of the foundations he has em- 
ployed under the countless number of walls erected along 
railways, highways, canals, etc. 

As the designing of foundations resting upon earth, for 
walls retaining earth, introduces several features which do 
not influence the ordinary cases of foundations, it will be 
best to make a special investigation for such conditions. 

The intensity of the foundation pressure upon the earth 
is seldom uniform, due principally to the pressure of the 
earth behind the wall and foundation tending to overturn 
the structure as a whole; this being the case, evidently the 
maximum intensity upon the earth must not be large 
enough to heave the earth, and the minimum intensity must 
not be so small that the earth may heave the foundation. 

If the foundation be so designed that neither it nor the 
earth can be heaved, the structure may yet fail by sliding 
forward. This can only be resisted by the abutting power 
of the earth in front of the foundation and the friction 
upon the base of the foundation. TJsually, however, if 
there is no danger of any movement in a vertical plane, 
there is little or no danger of any movement in a horizontal 
direction. 

As in any structure good judgment must enter into the 
design, the formulas which will be demonstrated must be 

87 
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used as gaides only. These formulas will depend upon the 
angle of repose of a homogeneous granular mass, and the 
specifio gravity of this mass. For ordinary earths for which 
the weights and angles of repose are known the results ob- 
tained by the use of the formulas will compare very favor* 
ably with those obtained from examples of the best practice. 
Depth of Foundations. — Oiven the angle of repose of 
any earth, to determine the depth to which it is necessary 
to sink a foundation to support a given load. The surface 
of the earth is assumed to be horizontal 




Oa8£ I. When the intensity of the pressure on the base 
of the foundation is uniform. 

In Pig. 16, let p^ represent the intensity of the pressure 
on the base of the foundation. 

Now when the masonry is about to sink (see Eq. {c)). 



^, _ 1 + sin 
a "" 1 — - sin 



or q=p. 



__ ^ 1 — sin 
1 + sin 0* 



If x' represents the depth to which the foundation extends 
below the surface of the earth and y the weight of a cubic 
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foot of earth, then yx' equals the vertical intensity of the 
earth-pressure on a plane at the depth of the lowest point 
of the foundation. 

When the wall is on the point of sinking, the earth musfc 
be on the point of rising, or 



yx 
or 



P,^ 1 + sin 
yx' 1 — sin 0* 



'. = ^{r^}' • • • • 0^) 

In any case jt?, must not have a greater value than that ob- 
tained from (15) — 

a/=^.jl^™L^r = £.tau«(45°-t). (16) 
^ 1 1 + sm ) y \ 2J ^ ' 

The value of x' as obtained from (16) is the least allow- 
able value consistent with equilibrium. Since x' is a func- 
tion of tan* (45°— |-J, care must be taken that is assumed 

at its least value. As becomes smaller the value of x^ 
increases rapidly. 

Case II. When the intensity of the pressure on the base 
is uniformly varying. 

Let p represent the maximum intensity of the pressure 
on the earth and p' jthe minimum intensity; then for 
equilibrium jt? must not exceed the value obtained from the 
following equation (see 15) : 

, ( 1 -f- sin )• ,^^ 

For any assumed depth x' the maximum value of p can be 
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found from (17). • For any assumed breadth B'' of the 
foundation the value of j[? due to the resultant pressure upon 
the base of the foundation can be found from the formulas 
on page 31, when the value of x^ has been determined ; this 
value must not be greater than the value of p found f roih 
(17), or the masonry will heave the earth. 

In order that the earth may not heave the masonry, p' 
must not be less than the value obtained from the following 
formula: 

^ = --H i^IjI r- • • • • <») 

Thai 

^ _/7 + /_^VJ/ l + sin0 \' / l--sin0 y) 
P'- t ~ 2 Ul - sin 07 + \1 + sin <t>) T ^^^^ 

which expresses the corresponding value cf p^ for the 
equilibrium of the earth and the masonry. 

In order that jo' may never be less than the value obtained 
from (18), the resultant pressure upon the base of the foun- 
dation must cut the base within a certain distance of its 
centre. If x^ be this distance, then (page 31) 

. , ( 1 - sin ) • j , 6a;,) 



Substitating the value of ^, from (19) and solving for a;, 



09 






where 

\1 — sm 0/ \1 -f- sm 0/ 

* Tabuluteil values of X and Fare given on page 72. 
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DeptJi of foundations when the surface of the earth hah 
different elevations 07h opposite sides of the structure. 




Ti=m 



e 



III 

X 



Fio. 17. 



This case is illustrated in Fig. 17. From (17) and (18) 
for equilibrium 



^ , jl + sin0r 
"^ = '^ 1 1 — sm ) 



(22) 



and 



^s''vii-^r- • • • <^) 



Combining (22) and (23) in the value of /?„ 

Having assumed the values of y and for any particular 
case, the above formulas determine the permissible magni- 
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tudes of the intensities at the heel and toe of the founda- 
tion for any depth. The hreadth of the haee of the 
foundation may now be assumed, and the actual intensities 
compared with those permissible; if ^ is too large or^' too 
small, another trial must be made. Usually one or two 
trials are sufficient. If one prefers to compute the width 
of the base of a trapezoidal foundation, the formula ^ren 
below can be employed. 

Determination of the hreadth B'* of a trapezoidaJ foun* 
dation for a given loading and a maximum intensity p at 
the toe. (Back of foundation vertical.) 




Fio. 18. 

Let O = total vertical weight supported by top of foun- 
dation ; 
E = thrust of earth ; 

p = maximum intensity of pressure at toe of f oun* 
dation as found from (22) ; 
and B" =s breadth of base of f oundation.- 
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Then 

The foundation can nearly always be designed as a trape- 
zoid having a vertical back, and then if necessary the batter 
in front can be stepped. For walls under twenty feet in 
height, retaining material which will assume a slope of 1 J 
to 1, the most economical foundation is rectangular in 
section if the base must be four feet deep to escape the 
action of frost. Where frost need not be considered, of 
course more shallow and broader foundations can be em- 
ployed. 

Abutting Power of Earth. — ^Let the surface of the earth 
be horizontal and the body pushing the earth have a ver- 
tical face; then at the depth a:' the maximum horizontal 
pressure per unit of area is (see Case I above) 

. 1 4- sin 

q — i^y^ ^> 

^ '^ I — sm 

and since q varies directly as x\ the total thrust P which 
the earth is capable of resisting is 

(xyy 1 + sin 
^ 2 1 - sin 0- • • • ^"^^ 

Bearing Power of Earth. — The bearing power or thd in- 
tensity of the pressure which earth can resist depends not 
only upon the character of the earth, but upon the depth to 
which the foundation is extended, ^ shown by tlie formulas 
for p given above. For example, the foundation may be 
very broad and shallow or quite narrow and deep. The 
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intensity of the pressure in the first case being considerably 
smaller than in the second, and both conditions fulfilling 
the conditions of stability. It appears then that the bearing 
powers of earth given by rarious writers must be employed 
with caution, unless the conditions upon which the values 
were based are known. 



APPLICATIONS. 

The determination of the earth-pressure by the pre- 
ceding formulas and graphical constructions is a very 
simple operation when the angle has been determined or 
assum'ed. That care and judgment be used in assuming 
the value of is very important, since a change of a few 
degrees in the value of sometimes causes a large change 
in the value of E. An inspection of Diagram I shows that 
the value of the coefficient A increases very rapidly as 
decreases. 

When the earth to be retained contains springs, the 
bank must be thoroughly drained if it is to be retained by 
an economical tight wall; if it is not drained, the angle 
will be likely to become very small as the earth becomes 
wet. 

When the location of the earth to be retained is sub- 
jected to jars, the value of will be decreased. 

Hence, in assuming the value of 0, the engineer must be 
sure that the value assumed will be the least value which, 
in his judgment, it is likely to have. 

In constructing the wall the judgme^it and authority of 
the engineer must again be exercised in order that the wall 
be constructed as designed. 

In all cases, to insure perfect drainage between the back 
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of the wall and the earthy numerous *^ weep-holes" should 
be provided in the body of the wall, or proper arrange- 
ments made to carry away the water at the base of the wall. 
To facilitate drainage, the backing resting against the wall 
should be sand or gravel. 

In no case should water be permitted to get under the 
foundation of the wall, neither should the earth in front 
of the wall be allowed to become wet. 

In cold localities the back of the wall near the top should 
have a large batter to prevent the frost from moving the 
top courses of stone. As a guard against sliding, the 
courses of the wall should have very rough beds. The 
strength of a wall is increased the nearer it approaches a 
monolith. 

Care should be taken to have the foundation broad and 
deep enough to prevent sliding and upheaving of the earth 
in front. In clay the foundation should be deep, while in 
sand or gravel it may be broad and shallow. 

The following examples illustrate the application of the 
formulas: 

Ex. 1. Design a trapezoidal wall of sandstone, weighing 
150 lbs. per cubic foot, having a width of 3 ft. on top, a 
height of 30 ft., and the back inclining forward 5°, to re- 
tain a bank of sand sloping upward at an angle of 20°. 

Data. 

y = 100 lbs., W = 150 lbs.; e = 20°, = 39% a = 5^; 
£r= 30 ft., 5' = 3 ft., X = 2.63 ft. 

1°. Graphical determination of the values of E and 6. 

The graphical solution of the problem is shown in Fig. 19, 
where E is found to equal 15,000 pounds, d lies between 
35° and 36% 
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2°. Algebraic determination of E and t. 

B=^{B) Cp) + i,D)A- + {E)A (I') 



Substituting the valnee of B, C, D, and E as given in the 
tables, mid that of ^ as given by Diagram I, this becomes 

ff=?5i^(1.036)x 



t'{O.O08)+(l,O57)(O2i)4)'-|-(O.O6l)0.264, 
ff= 45,000 (1.036) ^0098 = 14,500 lbs. 

tan 5 = J r-T + tan e, . . (il'o) 
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tan S = 0.705 = tan 35° 11', about. 

3^ Algebraic determination of the value of B under the 
assy^mption that Q s ^B» 

sz ^iffimd + xtSndl +9B'x + B^» . (8) 

= 3^^Y55 ^}30 X 0.817 + 2.63 X 0.576} + 6 X 2.63 + 9, 

£• + 7.795 = 172.53, 



J? = - 3.89 ± -/172.53 + 3.9*; 
• •. 5 ^ 13.69 - 3.89 = 9.80 ft.; 

or, practically, 10 feet is the required width of the base. 

4°. To determine if the wall will slide on a foundation of 
sandstone. 

From (14), 

. , , ^ ^ cos (f 
tan <p ^ -p7- ; — TT . " ^ 
^ = ff + ^sina 

Taking 5 = 10 ft., O = ^^t^ 30x150 = 29250 lbs. 
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A = 35° 11', cos d = 0.817, and sin d = 0.576, then 
E cos d 14500 X 0.817 



O -f iS^ sin <y ~ 29250 + 14500 X 0.576 



= 0.315. 



From Table II, the value of tan 0' for masonry is 0.6 to 
0.7; hence there is no danger of the wall sliJiing on the 
foundation* 

According to the Engineering News formula the base of 
this wall would be nj^'^plus a few inches for good luck,'' 
or about 13 feet, and by the old rule of one third the height 
10 feet 

Ex. 2. Design a trapezoidal wall of sandstone weighing 
150 lbs. per cubic foot, having a width of 3 ft. on top, a 
height of 30 ft., and the back inclining backward 15°, to 
retain a bank of sand sloping upward at an angle of 30°. 

Data. 

y = 100 lbs., Tr= 150 lbs.; e = 30°, 0« 83^« =- 15°; 
ir= 30 ft., J5' = 3 ft., a; = 8 ft 



N 



1°. Graphical determination of the values of E and d. 

In Pig. 20, let ^6^ represent the surface of the earth, and 
AB the back of the wall. Draw AF parallel to J9(?, and 
from any point D' in -4J^lay oflf i>'^ equal to the vertical 
D'Oy and draw FL horizontal; lay oflF the angle IFD' = 
= 33°, and locate the point M in D'Fm that if an arc be 
described with Jf as a centre and LM as a radius the are 
will be tangent to IF\ then with J/ as a centre and MFss 
a radius, describe the circumference FHJ and draw JB 
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parallel to AB; at* -4 draw AL perpendicular to AB and 
equal to HL Then 

iimBy = m^lOO = UBOO = B. 



To determine d, prolong HI to A'' and draw KJ. Then 
the angle which this line makes with the horizontal is 
equal to d, which is 6^ to 7° in this case. 




Fia. sa 



2®. Algebraic determination of E and rf. 

Substituting in (1) and remembering that a is negative, 



E = 45000 (0.875) t^O.067 + 0.183 - 0.111 = 14600 lbs. 
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From (l'«), 

V 

259 

^'''^ ^ = 0:707(0524) + -^^^ = - ""-^^^ = ^^-^ ^- ^°>- 

3°. Algebraic determination of the value of B vnder the 
assumption tJiat Q = ^B. 

Substituting the proper values in (8) and remembering 
that a is negative^ 



-B = - 4.7 ± V163.44 + (4.7)' = 9.0 ft. 

Ex. 3. Determine the dimensions of a brick wall hav- 
ing a vertical back to retain a bank of sand sloping up- 
ward at an angle of 20°. </> = 30% H = 20', B' = 2', 
y = 100. 

I''. Algebraic determination of E and S. 

Since or = 0, 

^=^-4 (2) 

E = i9^.Ji22 0.424 = 8480 ; say, 8500 Iba. 
2 

The value of A is readily found from Diagram L 

tf = e = 20**, since « = 0. 

2. Algebraic determination of the value of B under the 
condition that Q = ^B, 
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From Table I, TT = 125 lbs. Then 

or B^ + 6.65^ = 131.84. 

-ff = — 3.33 ± ^131.84 + 3733", 
and 

j5 = - 3.33 + 11.94 = 8.61 ft. 

Ex. 4. Determine the value of B in Ex. 3 nnder the 
assumption that 6 = (horizontal earth-surface). 

or ^ = 20000 (0.333) = 666G, say 6700 lbs. 
Since a = 0, and e = 0, tf = 0, 

5» + 5^' = ^+5'«; (10) 

^ + 2J9 = 11L2; 



B = -1± Vlll.2 + 1, 

and 5 = -1 + 10.59 = 9.6 ft. 

Ex. 5. Determine the value of ^in Ex. 3, under the 
assumption that e = = 30°. 

E = ^^cos = 20000 (0.866) = 17320 lbs. 
From (9), 
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B* + 15MB = 244.05; 

5 = - 7.93 + V2U.O5 + 01^. 

and 5 = - 7.93 + 17.52 = 9.6 ft. 

Ex. 6. Determine the resultant pressure against the 
back of a wall when the surface of the earth carries a 
load equivalent to 5 feet in depth of sand. 

ff=dO ft., a = 10% <f> = 30% € = 0, and y = 100 
lbs. 



H 






-T--^.: 




Pia. 21. 

Graphical solution of the problem. — In Fig. 21, let ^aS' 
represent the surface of the earth, and BA the^ back of 
the wall. 

Make 8T=z5, and draw HT and BH. Draw AR par- 
allel to B8, parallel to HT, and make LR equal to LTx 
lay off the angle LRP equal to 30"; with as a centre 
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draw an arc passing through L tangent to PR, and then 
with OR as a radius describe the circumference of the 
circle RQM, and at M draw MN parallel to AH i at A 
and normal to AH draw ^(7 equal to NL. Then 



The direction of E will be parallel to QM. 

To determine the point of application of E, find the 
centre of gravity E' of ABVO, and draw E^D parallel to 
A C, then D will be the point of application of E. 

^E' can be found as follows: Produce -4 (7 and BV, make 
//= CK=^ BV,BO= VF=AO, and join J^and /and 
G and K. Then -£", the intersection of FI and G^iT, will 
be the centre of gravity ot AB FC. BD can be found 
from the formula 

^j^ ,,, IQo _ 2{TLY ^ (TDiTS) ~ (TSr 
BD cos lU - 3^,^,^ ^ ,^,^^ 

Ex. 7. Determine graphically the value of E when e = 
and ar = 0, 0, ;^, and H being given. 

In Fig. 22 let ^i^ represent the surface of the earth," and 
AB the back of the wall. Draw AL parallel to BF and 
make IL = 1F\ lay off the angle GLH = 0, and at any 
point K in iZT draw MK perpendicular to HL, and lay 
off MO = MK; draw MJ parallel to OL Then will the arc 
IN, described with J as a centre and IJ as a radius, pass 
through / and be tangent to GL; with e7 as a centre and 
JL as radius describe the circumference LH; at A lay off 
AC = ^/and normal to AB. Then 

ACxAB -, 
2 >^ = ^- 
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• 

E is parallel to BF and applied at i>, AD being equal to 
\AB. 

B F 




Fio. 2S. 

Ex. 8. Determine the earth-thrust on the profile shown 
in Fig. 23, H, y, 0, and e being given. 

Graphical solution of the problem, — Let BCDEA repre- 
sent the given profile, and let the surface of the earth 
be horizontal. Prolong BG until it intersects SA in a^; 
draw SR normal to BOS a,nd equal to the intensity of the 
earth-pressure at S; connect B and R. Then from the 
middle point of BG draw G^i^ parallel to SR;.the distance 
GF multiplied by y will be the average intensity of the 
earth-pressure on BG. In a similar manner the average 
intensities on GD, DE, and EA can be found, and hence 
the total pressures on each determined. The points of ap- 
plication of these resultant pressures, B^, B^, B^, and B^, 
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can be found by the method used in Ex. 6 for finding 
the centre of gravity of a trapezoid. The directions of 



^^^^^^^^^^^^!^^^;^^^^^ 




Flo. 28. 

E^yE^yE^^ and E^ are found from the construction on the 
right. 

Ex. 9. Determine the thrust of the earth against a vor- 
tical wall when e is negative. 

For the explanation of this construction, see page 21, 
Fig. 9. 

Ex. 10. From the following data determine Ey 6, and 

6 = 0, = 38°, a = 10° 23'; y = 90 lbs., W= 170 lbs.; 

£^=15 ft., J? = 6 ft., J?' = 2 ft. 
Ans. E = 3037 lbs., d = 37° 37', Q = 2.2 ft. 

Ex. 11. Deterniine the dimensions of a trapezoidal wall 
built of dry, rough granite, having a vertical back antl 
being 20 feet high, to safely retfiin the side of a sand cut, 
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the surface of the sand being level with the top of the wall. 
IT =165 lbs., y=im lbs., ^ = 33° 40', H=20 ft., 
J' = 2 ft. 

Ans. E = 5734 lbs., 6 = 0, B=S ft., and Q = 2.8 ft, 
about. 

Ex. 12. The same as Ex. 11, with a = 8° instead of 
a = 0. 

Ans. E - 6330 lbs., B = 9.98 ft., and © = 2.7 ft. 



Fia.8t. 
Ex. 13. What muat be the dimonaiona of a rubble wall 
of large blocks of limestone, laid dry, to retain a sand 
filling which supports two liuea of standard-gauge railroad 
ti-iick ? (Assume the depth of sand to produce a pressure 
on the earth equal to that produced by the railroad and 
trains as 4 feet.) 
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H-\^ ft., az=S'',(f> = 33° 40', y = 100 lbs., W = 170 
lbs., B' = 3.5 ft. 

Ans. E=5760 lbs., S = 26° 7', 5 = 8 ft., Q = 2.7ft. 

Ex. 14. Determine B, S, B, and Q, when FT = 170 
lbs., y = 100 lbs., a = 8% e = = 33° 40', ^ = 20 ft., 
B' =2 ft. 
.4//.s\ ^ = 21760 lbs., S = 32° 25', ^ = 9 ft., § = 3 f t. 

* Ex. 15. A wall 9 ft. high faces the steepest declivity 
of earth at a slope of 20° to the horizon; weight of earth 
130 lbs. per cubic foot, angle of repose 30°. Determine 
E when a = 0. 

Ans. :i&= 2187 lbs. 

* Ex. 16. € = 33*^ 42', = 36°, ^ = 3 ft., >^ = 120 
lbs., a = 0. Determine E. 

Ans. j&=278lb8. 

* Ex. 17. = 25% e ■« 0, « = 0, ^= 4 ft, y = 120 
lbs.,^=? 

Ans. ^=390 lbs. 

* Ex. 18. = 38% 6 = 0, « = 0, ^ = 3 ft., ;^ = 94 
lbs., ^ = ? 

Ans. E = 100.5 lbs. 

* Ex. 19. A ditch 6 feet deep is cut with vertical faces 
in clay. These are shored np with boards, a strut being 
put across from board to board 2 feet from bottom, at 
intervals of 5 feet apart. The coefficient of friction of 
the moist clay is 0.287, and its weight 120 lbs. per cubic 
foot. Find the thrust on a strut, also find the greatest 
thni.>t wliich might be put upon the struts before the ad- 
joining earth would heave up. 

Ans. E = 1230 lbs. 
Thrust per strut = 6128 lbs. 
Greatest thrust = 19029 lbs. 

* Alexander's Applied Mechanics. 
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Ex. 20. Examine the stability of the wall shown in Fig. 
25, and diesign a foundation which will be safe as long as 
the condition of the earth remains unchanged ; the weight 
of the masonry being 145 pounds per cubic foot, that of 
earth 100 pounds, and the angle of repose of the earth such 
that it will stand at a slope of 1^ to 1. 

Stability of the Wall upon the Foundation, — ^Replacing 
the stepped back by the line BD^ the thrust of the earth 
is found to be about 9900 pounds. The direction of thi:5 
force is shown in Fig. 25 ; since it cuts the base of the wdl 
there is no danger of the structure being overturned, how- 
ever large E may become. 

Determining the centre of gravity of the wall and also 

its weight, and com- 




bining this with B, 
the resultant pressure 
upon the base of the 
wall is found to be 
about 32,000 pounds. 
This resultant makes 
an angle of less than 
11 degrees with the 
normal to the base. 
Now since for masonry 
sliding upon masonry 
the angle of friction is 
from 31 to 35 degrees 

H JoAp (Table II), there is no 

danger of failure by 
sliding upon the foun- 
dation. Since tlie resultant cuts the base within the middle 
third the entire base is subjected to compression^ and there 
will be no tendency for tlie joints to open at the heel. 
Failure by the crushing of the material need not be cou- 



—13- 

Fig. 2r>. 
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sidered, as the maximum intensity of the pressure upon the 
base is many times smaller than the ultimate strength of 
the material. See page 68. 

The resultant pressure upon the base can be found also 
by assuming the earth on the left of the vertical to be sup- 
ported by the wall, and that the pressure of the earth upon 
the right of this line acts against the vertical plane KD; 
this pressure is about 5800 pounds, and is horizontal. Com- 
bining this force with the weight of the wall and earth on 
the left of the line KD^ the resultant pressure upon the 
base is found to be the same in magnitude and direction as 
hy the first method. 

The Foundation, — ^The depth of the foundation must be 
below the action of frost; let this be assumed as 5 feetj 
then by (22), with x' = 5 feet, the maximum allowable pres- 
sure at the toe of the foundation is about 6000 pounds per 
square foot, and by (23) the minimum allowable pressure is 
about 200 pounds for x" = 25 feet. 

Assuming that the foundation is vertical at the back and 
trapezoidal in section, the length of the base B" can be 
found from (25), which will satisfy the condition of maxi- 
mum pressure at the toe. Letting p = 5000 and x' = 5, 
and solving (25), B" is found to be between 12 and 13 feet; 
say 13 feet. 

To determine if this width is sufficient to satisfy all the 
conditions of equilibrium, the resultant of all forces acting 
upon the base must be found. 

* The total earth -pressure upon the vertical HK is about 
8000 pounds. Combining this with tlie weight of tlie wall, 
earth supported by the wall, and that of the foundation, the 
resultant vertical pressure is found to be about 40,000 

* The pressjre again t the foundation in front of the wall has 
been neglected, but can be easily included by taking the area KHON 
instead of KHP, 
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pounds, and is applied within the middle third of the 
base, about 1.7 feet to the left of the centre. 

The intensity of the pressure at the toe is (page 31) 

j, ^6(1.7)) 40600 , ._.^ , 

p = •< 1 + —7-^ f =s about 6600 pounds, 

which is less than the maximum allowable intensity. The 
intensity at the heel is jt?' = 2/?„ — /? = about 600 pounds, 
which is greater than the minimum allowable intensity; 
hence this foundation is sufficient to prevent settlement. 

A glance at Fig, 25 is sufficient to show that the foun- 
dation will not slide upon the earth even if the movement 
were not opposed by a force of some 4000 pounds, being the 
abutting power of the earth in front of the foundation. 

The above foundation then fulfils all the conditions of 
stability, but to allow for contingencies the foundation 
should be designed under the assumption that may be 
somewhat smaller than its average value, which is equivalent 
to broadening the base if the depth remains the same 

Note. — ^Although the above discussion considers a foun- 
dation as safe if the pressures at the heel and toe are within 
the theoretical requirements, yet, owing to the compres- 
sibility of most soils met with in practice, it is advisable 
to so design the foundation that the resultant pressure cuts 
its base as near the centre as possible. This will give more 
nearly a uniform pressure on the soil and, consequently, 
there will be less probability of the wall and foundation 
as a wliole tipping forward. 

It is seldom the case tliat walls fail in themselves, but 
there are almost innumerable cases where walls lean for- 
ward due to poor foundations and foundations so con- 
structed that there is a wide variation of pressure upon 
the soil from heel to toe. 
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Examples of Betainiko-wall Psofiles. 




Fio. 26. 



A Standard Profile used for the past twenty years near New York 
City, where railway tracks have been lowered below the streets. 
(Engineering News, 1889.) 




UN 
Fio. 27. 
Profile of Ketalning-wall at Ferdinand Street Bridge. Boston, Mass. 

(City Engineer' a Report, 1891 ) 
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Fio. 28. 
Profile of Abutment at Ferdinand Street Bridge, Boston, Mass. 

{City Engin€e7'*8 Report, 189 J.) 




r^o^; 



Fig. 29. 
Profile of Ketaining-wall at Boylston Street Bridge, Boston, Mass. 

(City Engineer* 3 Repoi't, 1888.) 
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Fig. 30, 
Profile of Retaining-wall at Liverpool, England. 



{Ha/rcovTt)^ 



*i r \ FOOTWAY ^ 




Fig. 31. 
Profile of Retaining-wall, Thames Embankment, Chelsea. (Ear- 

court,) 
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Fie. 32. 
Profile of Retaining-wall Thames Embankment, Lambeth. {Eoft 

cauri,) 
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Fig. 83. 



Profile of Concrete Retaining.wall at Chatham. (Eareowrt) 
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Fig. 84. 
Pnfile of Retaining-wall at Millwall. (EareomQ 



FOUKDATIONa 

The proper proportions of foundations to suit different 
conditions have been the results of experience principally, 
though theory enters into their design in many Ways. 
Under certain logical assumptions, the offsets of wood, iron, 
or stone foundation courses can be as accurately determined 
as the stresses in any beam subjected to cross-bending. 
The strengths of various materials which enter into the 
construction of foundations have been fairly well determined 
experimentally, bo that the allowable intensities of the 
pressures, and consequently the areas of the foundation 
courses, can be accurately determined. There remains the 
most difficult portion to be decided, namely, the proper 
intensity of the pressure upon the earth which must sup- 
port the load. Under certain assumptions this can be 
computed, but the best of judgment must be exercised in 
making the assumptions upon which calculations are based. 

Whenever possible^ the intensity of tJie pressure upon the 
earth should be utiiform under all parts of the structure 
(assuming the earth to be homogeneous) , and the founda- 
tions extend to the same depth. Theoretically, a greater 
intensity is allowable at a greater depth, but practically this 
may lead to unequal settlement, due to the compressibility 
of the earth, which theory does not take into account. 

Foundations upok Eook. 

In preparing a bed for the structure to be erected all loose 
and decayed parts of the rock must be removed, and the 
surface made as nearly horizontal as practicable ; when the 
surface is inclined, it may be cut into steps with horizontal 
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» 
and vertical faces; if holes exist, they may be filled with 
concrete. In some cases a proper surface for supporting the 
proposed structure can be secured by covering the rock 
surface with a layer of concrete, which may vary from a 
few inches to two or more feet in thickness. (Figs. 39 
and 42.) 

The maximum intensity of the pressure upon a rock foun- 
dation should not exceed one sixth the crushing strength of 
the rock for a steady and uniform load, or one tenth the 
crushing strength for a load due to the weight of the struc- 
ture plus a varying load such as is caused by wind or earth 
pressure. 

In no case should any portion of the horizontal joints be 
subjected to tension. The maximum deviation of the 
centre of pressure from the centre of gravity of the base 
section, when the section is a symmetrical figure, can be 
found from the formula 

^' = 3y (Rankine); 

where x^ = the maximum deviation sought; 

/ = the moment of inertia of the section relative to 
an axis perpendicular to the direction in 
which the maximum deviation is sought ; 

and y = the distance from the centre of gravity of the 

section to the edge furthest from the centre 
of pressure measured along an axis passing 
through the centre of nressure and the centre 
of gravity. 
Following are the more common sections of foundations 

with the corresponding values of x^i 

Rectangle..^ = hh, x^ = p; 

Circle A^nr\ rr. = i5; 
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Hollow rectangle: 

HoL squaie.^ = A* — A'% ^a = g (l + -Xi") J 



Hoi. circle.^ = ;r(r» - O* a?, = |(l + ^V 

The ultimate compressive strengths, in pounds per square 
inch, of various rocks used in foundations are, approxi- 
mately, for 

Granite 13000 to 26000 

Sandstone 7.000 " 14000 

Soft sandstone 3000 

Strong limestone 6000 '' 23000 

Weak limestone 3000 

Hard red brick 6000 " 10000 

Paving brick 6000 '' 13000 

Portland cement concrete, 

1 : 3 : 6, one month old . . . 2000 

See Table I for additional information. 

r0U3S^DATI02S^S ITPOK EaBTH. 

Firm Earth. — ^Earth which has an angle of repose of at 
least 27® may be considered as firm, and for foundation 
purposes requires little preparation other than the excava- 
tion of a trench or pit, and making the surface receiving 
the masonry level. From Table II it is seen that sand, 
gravel, and damp clay are classed as firm soils; however, 
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these may become so saturated with water that their angles 
of repose will become considerably less than 27°, hence pre- 
cautions must be taken against too much water by draining 
the ground in the immediate vicinity of the foundation. 
Particular care must be taken in the case of clay, or sand 
which will become a kind of quicksand when saturated with 
water. 

Before attempting to design a foundation, the character 
of the earth must be determined either by test excavations, 
borings, or from the experience of others. It often happens 
that from all surface indications the earth appears to be 
firm, but upon excavating it is found there is a stratum of 
semi-fluid mud or quicksand underneath; in such cases 
care must be taken to determine the minimum thickness of 
the stratum of firm earth, for if too thin it will not be safe 
to build upon, and then a foundation has to be prepared 
according to some of the methods described later. 

Considering the earth as a homogeneous granular mass, 
the supporting power at any depth can be computed when 
the angle of repose <p is known. Some practical men object 
to any theoretical formulas being employed in connection 
with the determination of the bearing or supporting power 
of earth, claiming that the assumptions upon which the 
formulas are based are rarely if ever found in practice. 
This is probably true to a certain extent, yet the theoretical 
formulas are upon the safe side, and do not lead to absurd 
results; in fact, the results obtained by their judicious 
application agree very well with the practice of the best 
enr^ineers. 

If ^ = the maximum supporting power per square foot 
of earth ; 
y = the weight of one cubic foot of earth; 
= the angle of repose; 
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and a;' = the depth of the plane below the surface upon 
which the maximum supporting power is 
desired; 

then 

- j 1 + 8in0 ) • , ,^^ ,^^ 

And lip' is the minimum intensity of the pressure upon the 
earth which is allowable for the stability of the earth and 
the foundation with its load, 

where ^' is the depth of the plane considered below the 
surface of the earth. 

The above equations neglect any friction between the 
earth and the masonry of the foundation. In deep foun- 
dations this is a large factor on the safe side. 

If the surface of the earth is level, then x' = x" ; and 
further, if the earth is subjected to a uniformly distributed 
load only the average intensity need be considered. 

Equation (2) is considerably different from that given by 
Eankine, and writers who have followed him, in this, that 
they consider the minimum intensity allowable to be equal 
to x"y = the average intensity of the pressure upon a plane 
at a depth x" in an unlimited mass. TMs does not appear 
to the writer to be a logical treatment of the subject, if the 
mass has an angle of repose greater than zero, and tlie maxi- 
mum intensity allowable be determined as a function of 
this angle. 

According to the assumption of Eankine, it would appear 
that if a box without a bottom were sunk into a mass of 
perfectly dry sand it would be filled from the bottom until 



FOUNDATIONS UPON EARTH. 71 

the surfaces without and within were at the same level ; but 
this does not take place, and would not even if the sides of 
the box were frictionless. The sand only fills the box par- 
tially, or until the requirements of equation (2) are fulfilled. 
Hence it seems to the writer that if the maximum intensity 
is a function of 0, the value of the minimum intensity 
must be also. 

From equations (1) and (2) it is evident that the allow- 
able intensity upon the earth of any pressure or load com- 
monly called the supporting power varies directly as the 
depths as long as remains unchanged ; hence all tables of 
supporting powers of earth are of little value unless the 
depth of the foundation upon which they are based is 
known. Unfortunately this is omitted in most cases, and 
only the character of the earth is given. The depth to 
which foundations must be sunk in many localities lias a 
minimum value governed by the depth to which frost ex- 
tends. This is not always true, however, as in Terre Haute, 

Indiana, frame houses and brick blocks two and one-half 

( 

stories high are constructed practically upon the surface, 
the sod only being removed. The width of the foundation 
is not excessive, but on the contrary narrow. Xo serious 
settlement results, owing to the character of the earth, 
which is very sandy, and will not retain sufficient moisture 
to permit frost action to heave the structures. The actual 
load per square foot supported by the soil is about one ton. 
If x' be taken as one foot, y as 100 pounds, and p as 2000 
pounds, then from equation (1) is about 39°, which is 
below the actual value. 

The above case, however, may be called an exception to 
the general rule that all foundations must be sunk below 
the action of frost, or to a depth of three feet or more 
according to the locality. 
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For convenience the values of 



/ I + sin fP s^ 
\1 — sin 0/ 



and 



/ I — sin \ 
\1 + sin 0/ 



are given in the following table : 



* 


/I + Bin * V 
Vl - sin */ 


/I - Rin ^\» 
\1 H- sin ^/ 


* 


/l + 8in*Y 
\1 - sin W 


/l-8in*x« 
Vl + sin^/ 





1.00 


1.00 


23 


5.21 


0.19 


5 


1.42 


0.70 


24 


5.62 


0.18 


6 


1.52 


0.66 


25 


6.07 


0.16 


7 


1.63 


0.61 


26 


6.56 


0.15 


8 


1.7*5 


0.57 


27 


7.09 


0.14 


9 


1.88 


0.68 


28 


7.67 


0.13 


10 


2.02 


0.50 


29 


8.30 


0.12 


11 


2.16 


0.46 


80 


9.00 


0.11 


13 


2.82 


0.43 


31 


9.76 


0.10 


13 


2.50 


0.40 


32 


10.59 


0.09 


14 


2.68 


0.37 


33 


11.50 


0.09 


15 


2.88 


0.35 


34 


12.51 


0.08 


16 


3.10 


0.32 


35 


13.62 


0.07 


17 


3.33 


0.30 


36 


14.84 


0.07 


18 


3.59 


0.28 


37 


16.18 


0.06 


19 


8.86 


0.26 


38 


17.67 


0.06 


20 


4.22 


0.24 


39 


19.64 


0.05 


21 


4.48 


0.22 


40 


21.16 


0.05 


22 


4.88 


0.21 









Having determined upon the depth to which it is ex- 
pedient to extend the foundation, a minimum value of 
must be assumed from a knowledge of the earth, and then 
the allowable bearing or supporting power can be found 
from equations (1) and (2) ; or if the supporting power is 
assumed, the minimum depth to which the foundation must 
be sunk can be found from the same equations. 

The proper proportions of the foundation are most easily 
obtained from the following equations, which are deduced 
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for a few of the ordinary forms and conditions. All 
masonry foundations are usually trapezoidal in section, and 
hence formulas based upon this form can be applied to 
stepped foundations without serious eri'or. 

Case I. Given a uniformly distributed load to be sup- 
ported by symmetrical trapezoidal foundation sunk to a 
known depths to determine the minimum width of the base 
of the foundation. 




Fig. 85. 
Section of Wall and Foundation. 

Let O = the total weight to be supported less that of the 
foundation ; 
G^ ^ G '\- weight of the foundation; 
and -ff" = minimum breadth of the foundation. 
Assuming x\ the value oip is 



P 



_ j l + «in0 r 
""^^(l-sin0j • 



From the figure 



G'=G+ W^~x' = B''p', 
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or 

Tlie above formula applies to a wall one foot long, — In 
case of an isolated pier, the value of x' can be found as 
above. -5" may be assumed and a rough calculation made 
to determine if the average pressure upon the earth is equal 
to or less than p, A second trial usually determines the 
proper value for B". The exact formula for the determi- 
nation of the dimensions of a square or rectangular foun- 
dation with stepped sides is an equation of the second 
degree. 

Ex. 1. A trapezoidal foundation 5 feet broad on top 
has to support 50,000 pounds per lineal foot in length, in 
earth having a minimum angle of repose of 30°. The 
maximum depth to which the foundation is to be sunk is 
5 feet ; determine B" and p^ when y = 100 pounds and 
W = 150 pounds. 

From (1) 

J? = 5.100-9 = 4500 pounds— say 4000; 
then 

100000+ 3750 _ 
^ ~ 8000 ~ 750 ~ ^*''^' 

or the proper width of the base is about 14.5 feet. 

Ex. 2. A cast-iron plate, 2 feet square under a column, 
transmits a load of 20,000 pounds to a masonry foundation 
3 feet square. IIow deep must this be sunk in earth when 
= 30°, y = 100 pounds, and W = 150 pounds ? 

Neglecting the weight of the masonry in the foundation, 
the intensity of the pressure upon the earth is about 2200 
pounds; then from (1) x^ = about 2.5 feet — say 3 feet. 
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now 



The actual intensity of the pressure upon the earth is 
' • = 2670 pounds. Substituting this 



9 



value of f in (1) and solving for x\ its value is 2.96 feet; 
hence 3 feet is the required depth of the foundation. 

The weight of the earth supported by the masonry of the 
foundation is neglected. 

Case II. Unsymmeirical distribution of pressure upon 
f-he base of a foundation. 




BASEITENT 



Fio. 36. 
Section of Wall and Foundation. 



One of the many examples of pressure unevenly dis- 
tributed upon the bed of a foundation is the case of an 
outside wall of a building located very near the property 
line and circumstances prevent encroaching upoli the neigh- 
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boring property to any great extent. Here two conditions 
must be fulfilled. The maximum intensity of the pressure 
/?, Fig. 36, must not be greater than the supporting power 
of the earth at the depth x'^ and the minimum intensity^' 
must not be so small that the earth having a depth a;" may 
tend to heave the foundation. 

Let jt?^ = the average intensity of the pressure upon the 
base. Then 

O' p + p' , jl + sin0r 

But 



Therefore 



• B 4- B'' 



in which a/' is determined from the equatioil 



. ,, ( 1 — sm ) * 

•^ '^ ( 1 + sm ) 



It is thus possible to determine B" quite easily,- but the 
value of the offset z so that p and p' shall have their proper 
values must be either found by trial or computation. Since 
one or two trials are sufficient to determine z^ the formula 
will not be given here. 

Ex. 3. In Fig. 36, page 75, let = 40,000 pounds, 
i/ = 4 feet, d = 2 feet, x' = 24 feet, and a:" = 4 feet. If 
the tlirust of the earth be neglected, what must be the 
width of the base of the foundation, so that the average 
pressure per unit area shall not exceed 4800 pounds, and 
the maximum 7000 pooiids, when y = 100, W s= 150, 
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= 30° ? The bulk of the foundation to be on the right 
of the centre of the wall. 

First determine the allowable intensities, 

max p = 2^X9) = 2400 X 9 = 21600 pounds, 
min = x'y(0.\l) = 2400 X 0.11 = 264 " 
maxjp' = a;'X9) =400X9 = 3600 *' 
min = a;'X0.11) = 400 X 0.11 = 44 '* 

From the formula on page 76 

^„ _ 2G + BWx'' _ 82400 _ ^ ,^ ^ . 
^ - 2p,^ W7f' - 9000 - ^-^^ ^^^ 

Take 10 feet as the value of B"\ then the weight of the 
masonry in the foundation is 4200 pounds, and 

Po = -iQ- = 4420. 

By graphics or by moments, assuming z = 2 feet, the re- 
sultant pressure cuts the base 0.94 foot from the centre, and 
hence p = 6900 pounds and /;' = 1940 pounds. 

The above width of base and the intensities just ob- 
tained satisfy all the conditions of the problem, though the 
value of z could be decreased a little, increasing the in- 
tensity at the toe and decreasing that at the heel. 

Projection of Footing-courses. — Where masonry founda- 
tions are stepped as is the usual custom, the proper offset 
for each course may be determined as follows, by consider- 
ing each offset as a cantilevered beam of stone unifor^nly 
loaded: 

Let = the offset of any particular course ; 

p^ = the intensity of the pressure upon the base of 
the course; 
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t = the thickness of the course; 
R = the modulus of rupture of the material; and 
F = the factor of safety. 
Then 

or 



_ /R }_ 



In case the intensity of the pressure is not uniform, but 
varies uniformly from one side to the other, the quantity 
p, may be replaced by p, the maximum intensity for the 
offset on the side having the greater pressure, and by jt?', the 
minimum intensity for the steps or offsets on the side 
of the lesser pressure: in the first case the factor of 
safety will be slightly increased and in the second de- 
creased. 

The above formula is applicable only vrhen the stones 
project less than half their length and when thoroughly 
well laid in cement mortar. 

Other factors remaining the same, the offsets vary 
direcUy as the square roots of the moduli of rupture and 
inversely as the factors of safety, so that the table on page 
79 can be applied for any values of R and F by simple 
proportion. 

Foundations tipon Soft Earth, — When a foundation 
must be placed upon soft earth which offers nb particular 
difficulties other than the requirement of broadness or 
depth of the excavation, considerable expense can be 
avoided by excavating the soft material and replacing it 
by firm material, or by driving short piles spaced about 
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three feet on centres^ commencing at the outer limits of 
the foundation and working towards the centre^ and thus 
compressing the earth ; sometimes holes are bored and filled 
with sand, making sand -piles, etc. The proper depth and 
spread of such foundations can be found from formulas 
(1) and (2) by including the prepared earth as a portion of 
the foundation. 

SAFE OFFSETS FOR MASONRY FOOTINGCOURSES, 

IN TERMS OF THE THICKNESS OF THE COURSE, USING 10 AS A FAC- 
TOR OF SAFETY. 



Kind of Stone. 


R'm 

LbB.per 

Sq. In 


Of|Bets for a Pt-essure, 
in Pounds per Square 
Foot, on the Bottom 
of the Course of Ma- 
sonry. 




2000 


8000 


4000 


Bluestone flairtrinsr 


2700 
1800 
1500 
1200 
5400 
1500 
800 

200 


2.6 

2.1 
1.9 
1.7 
3.6 
1.9 
1.4 

0.7 


2.1 
1.7 
1.6 
1.4 
2.9 
1.6 
1.1 

0.6 


1.8 


Granite 


1 5 


Limestone 


1.8 


Sandstone 


1.2 


Slate 


2.5 


Hest hard brick 


1.3 


Hard brick 


1.0 


Portland cement concrete, 1:3:6, 
1 month old 


0.5 







In case the earth has sufficient water to keep the founda- 
tion damp^ a very excellent foundation upon soft earth is 
a platform of timber composed of heavy sticks laid close 
together in layers, every alternate layer being right-angled 
with that adjacent, and thoroughly driftbolted together. 
Another method is to form a grillage of the timbers and 
fill the spaces around the sticks with concrete. 
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In dry soft earth the timber platform may be replaced 
by a bed of concrete, which is more durable, but not as 
elflbstic. The combination of iron or steel beams with con- 
crete has been successfully employed for foundations upon 
soft earth in Chicago. 

The safe projections for timber platforms ai>d those 
made of steel beams surrounded by concrete (see Fig. 37) 
can be found from the following formulas. 
Let / = the moment of inertia of the section ; 

h = the thickness of the wooden platform or the 

depth of the steel beam ; 
6' = the total load transmitted to a slice of the wooden 
platform, 12 inches wide, or to one steel beam ; 
R = the safe fiber stress ; 

0=the offset, assumed to be the same on opposite 
sides of the wall supported. 
Then, for wooden platforms (12 inches wide) 

^_6RI BRh^ 
&h & ' 

and for those made of steel beams surrounded by concrete 
(neglecting the strength of the concrete), 

Q^SRI 4.RS 



/ > 



&h G 

where S is the section modulus given in the various pocket- 
books published by manufacturers of steel shapes. 

If reinforced concrete platforms are used, the safe off- 
sets can be found by following the methods explained for 
the designing of reinforced concrete walls. 
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In case the pressure upon the base of the foundation is 
not uniform, the method outlined for masonry offsets can 
be applied, using the wwdmum intensity for p^ in the 
formulas. (Approximate.) 

Pile Foundation, — Pile foundations are employed in all 
kinds of earth, sometimes to save expense and sometimes 
because nothing else appears to be as good. In localities 
where the earth is uncertain in its character the use of 
piles enables the engineer to put in a foundation which he 
feels sure is safe^ as a single pile' thirty feet long will sup- 
port several tons even when driven into mud, the load in 
this case being carried almost entirely by the friction of the 
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mud upon the surface of the pile. If the pile is driven 
through the mud to a solid stratum below, then the pile 
acts as a column more or less supported its entire length, 
and consequently able to carry a very great load. 

Piles are usually spaced about three feet on centres, and 
the tops firmly bedded in a layer of concrete or stayed by a 
grillage of timber or by a combination of these methods, 
the object being to thoroughly and evenly distribute the 
load to be supported. 
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The supporting power of a pile in a given earth can be 
found in the following manner: 
Let G^' = the total load to be supported by the pile, in- 
cluding the weight of the pile; 
p^ = the intensity of the pressure upon the bottom 

of the pile; 
A = the superficial area of the pile in contact with 
the earth; 
ond / = a factor depending upon the friction resistance 

of a unit ar^a of the surface of the pile. 
Then for a pile haying a diameter of d 



But 



P» — ^'y \ , • ? f and A = ndaf* 
"^^ ' ( 1 — sm ) 



... .-= "' 



For practical purposes this may be written 

a' 



«' = 



1 1+4^)' 

( 1 — sm ) -^ 



For convenience this may be further simplified for 
special cases. 



• Tliis formula was suggested by readiug W. M, Patton's article on 
piles in his *' Practical Foundations." 
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The following values of / have been given by W. M. 
Patten, based upon his own an(J the experience of others : 

In very soft silt or liquid mud, / = 150 pounds per sq. ft. 
In ordinary clay or earth (dry), /= 300 
" " " " " (wet),/ =150 

In compact hard clay, / = 300 

In sand, or sand and gravel, / = 500 

For the silt of swamps, imids^ etc., <f> is very nearly if 
not quite zero. So as to be on the side of safety, ^ will be 
taken as zero,/= 150 pounds. Then 

^ "" UO + 450 "" 570' ^^ GOO' 

a very simple formula. 

For moist clay, <j> = about 17°, ;- = 120 pounds, and 
f = 150 pounds. Then 

^ 120 . 3i + 450 "" 850* 

For dry, compact sand, ({) = 27°, f = 106 pounds, and 
/ = 500 pounds. Then 

, _ O' ^ G' G' 

^"107.7 + 1500 224W' ®^^ 2300' 

In a similar manner the safe load for a pile in any earth 
can be deterjnined when and / are know n. These quan- 
tities must bo the result of experiment. Any formula which 
does not include these factors is incomplete, and neglects 
the factors upon which the supporting power of the pile 
directly depends. 

The character of the earth through which the pile is to 
be driven can be determined by borings, and thus and y 
determined upon. 

The value of /can be found by studying the behavior of 
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piles already driven in similar earth. Thus it appears that 
the above formula must be as accurate in results and aa 
safe in application as the majority of the formulas used by 
engineers in proportioning structures. 

The formula is independent of the means by which the 
pile is driven, as ought to be the case, since very of ten piles 
are sunk by water-jets, or even by working them backwards 
and forward, making the formulas depending upon the 
weight of a driving-hammer, its fall, and the penetration of 
the pile during the last few blows useless. Two of the 
most simple of the many formulas of this class are those of 
Trau twine and the Engineering NewSy viz. : 

^ — 2(I+«) (Trautwme) ; 6^'=-—-. {Eng.Neto8)\ 

where W = the weight of hammer in tons; G' = the safe 
load in tons; W= the weight of the hammer in pounds; 
h = the fall of the hammer in feet; a = the average pene- 
tration of the pile in inches during the last few blows. 

Screw-pile. — Screw-piles are usually rounds and have at 
the bottom a cast or wrought iron screw. The piles are of 
wood, cast iron, or wrought iron. The diameter of the 
screw is from two to eight times the diameter of the pile, 
and its pitch from one fourth to one half its diameter. 
The screw seldom has but one turn. The piles arei sunk 
by turning them by means of levers or by power. (Fig. 
45.) 

The load- which the pile will carry depends principally 
upon the supporting power of the earth at. the depth of 
the screw and the area of the screw, though in all cas^s 
there is more or less f rictional resistance upon the surface of 
the pile proper. If ic' is the depth of the screw and p^ the 
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allowable intensity of ^ the pressure upon the earth at that 
depths then 

, f 1 + sin ^ 1 ^ , 

Screw-piles can be advantageously employed for support- 
ing structures above water where the upper ends of the 
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piles can be used as columns. They are chiefly employed 
in light-house construction. 

Sheet-piles. — Sheet-piles are usually of wood in the form 
of planks, and are driven as closely together, edge to edge, as 
possible, the object being to form a water-tight barrier. 

To make the joints tight the planks are of tened tongued 
and grooved. A patent sheet-pile is formed by bolting 
together three planks of equal width, so that the middle 
plank will form the tongue on one side and the outside 
planks the groove on the other side. Sheet-piles are also 
employed to confine soft earths. 

Several forms of steel piling have recently come into 
general use. They are in many ways superior to wooden 
piles and often less expensive in the long run. 



FOUNDATIONS UNDER WATER AND 

DEEP FOUNDATIONS. 

Foundations under water differ in general but little from 
those upon dry earth, the effect of water, ice, etc., upon 
the structure, however, constitute additional problems to 
be solved for each locality. 

A few of the various methods employed in placing foun- 
dations under water or at great depths will be very briefly 
described. 

Coffer-dams, — A coffer-dam is merely a tight wall sur- 
rounding the locality where the foundation is to be placed, 
excluding water from the enclosure, which can be pumped 
dry and the surface prepared to receive the foundation. 

In quiet and shallow water the dam may be made of 
earth; or sheet-piles banked with earth. 

In deep water large piles are driven every few feet in 
two rows around the site, to which horizontal timbers are 
bolted, acting as guides and supports to a double row of 
sheet-piles, between which is placed puddled earth. To 
prevent bending, the large piles are cross-tied with bolts. 

The space enclosed should be somewhat larger than 
required by the foundation, to allow room for materials, 
etc. (Fig. 46.) 

Timber Cribs. — A timber crib is a box built of large 
timbers and divided into cells by cross partitions. The 
joints and splices of the timbers employed are arranged so 
that walls and partitions are thoroughly tied together. In 
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case a tight wall-crib is wanted the timbers may be dapped 
one fourth their depth on both sides or halved together. 
Cribs are built in the shape best suited to the purpose for 
which they are to be used. They are usually constructed 
at some convenient point near the site of the foundation^ 
and then towed to the place where they are to be sunk. 
Ill constructing the crib a few of the cells are planked near 
the bottom. These are filled with stone until the crib 
sinks to the surface previously prepared to receive it. The 
other cells are now filled with stone and the regular mas- 
onry commenced. Sometimes the top of the crib is planked 
over before the masonry is started. (Fig. 44.) 

The surface which is to receive the crib mav be soft 
mud, riprap, rock, or piles. The crib is allowed to sink into 
the mud and to rest upon riprap which has been levelled. 
If the surface is level rock, the crib is merely sunk; but if 
the rock is uneven, it is either levelled or the crib is sunk 
until it just touches rock at some point, when riprap is 
thrown around and under the crib. 

Timber cribs are extensively employed in various classes 
of engineering works for both temporary and permanent 
structures. 

In permanent structures the timbers supporting mas- 
onry, etc., should always be under water. 

Timber cribs are sometimes used as coffer-dams by mak- 
ing the outside cells water-tight. The crib is sunk into 
the mud, or the bottom edges banked with earth, etc., 
until the interior can be kept dry by pumping. 

Open Caissons. — An open caisson is a strong water-tight 
box which is floated to the site of the foundation and sunk to 
its place by the masonry proper, which is built inside the 
box. After the bottom has reached its position and the 
top of the masonry is above water, the sides are removed. 
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leaving the bottom of the box as a platform supporting the 
masonry. The surface to receive an open caisson is pre- 
pared by dredging, throwing in riprap, driving piles, etc., 
as best suits the locality. (Fig. 47.) 

Cushing Cylinder Piers. — A cluster of piles is first 
driven as closely together as possible, and their tops 
thoroughly bolted one to the other. Then an iron cylinder 
is placed around the cluster and built up in sections 
until the top is above water. Then the cylinder is made 
to sink by dredging out the material inside by water-jets, 
by disturbing the material around the edges, etc.,.until a 
desired depth is reached, sections being bolted to the top 
of the cylinder as needed. The cylinder is now filled with 
concrete to the top and covered with an iron cap which 
receives the load to be carried. The size and number of 
cylinders employed depends upon the superstructure. 

For ordinary bridges two cylinders cross-braced form a 
pier. 

The supporting power depends upon the piles principally, 
though the friction upon the outside of the cylinders offers 
some resistance to settlement. 

Pneumatic Caissons. — A pneumatic caisson is essentially ' 
an air-tight box with the open side imbedded in earth, from 
which the air is pumped to allow the box to sink or into 
which air is pumped to prevent sinking. In water the 
caisson usually carries a water-tight timber crib, which in 
turn supports, a timber coffer-dam, the crib enabling the 
structure to be loaded with stone according to the require- 
ments of the .sinking operation, and the coffer-dam keeping 
the water out near the surface. Various combinations of 
caisson, crib, and coffer-dam are made, however, to suit 
conditions. (Fig. 48.) 

The ordinary method of sinking caissons is to pump in 
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enough air to exclude water from the chamber, while 
laborers dig out the material over the surface and near the 
edges of the chamber, this material being removed by 
various methods such as pumps, lifts, etc. When sufficient 
material has been removed, all the laborers leave the 
caisson, leaving one man only who watches for leaks; the 
air-pressure is tlien lowered a little, and the caisson with 
its superstructure sinks. This process is repeated until a 
solid foundation is reached, when the caisson is filled with 
concrete, as also are the cribs, etc., if any, above the 
caisson. 



Types of Existing Foundations. 




Fio. 38. 

Concrete Pier ilsed as Foundation for Elevated Railroad Colamns 
{Engineering and Building Record, Sept. 14, 1895.) 
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Fig. 39. 

Elevation of Masonry Pier with Bottom Course of Concrete. Illus- 
trating the removal of rotten rock and the levelling of the rock 
surface. (Marent G^lch Viaduct, N. P. R. R.; Trans, Am, Soc, 
C7.JS:, Sept., 1891.) 
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Fig. 40. 

Elevation of another Pier of the Marent Viaduct Foundations. Show- 
ing the application of piles and concrete to obtain a solid foundation. 
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Fio. 41. 

Elevation of a Pier in the Foundation of a Chicago Grain Elevator. 
Illustrating the use of piles and a wooden platform in soft ground. 
Piles are from 20 to 40 feet long, and reach hardpan. Twelve 
piles are placed under each post, and each pile supports a load of 
about 32 tons. {Engineering and Building Record, Nov. 12, 1895.) 
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Fig. 42. 



End Elevation of Masonry Pier supporting Stone Arciies of Wash- 
ington Bridge. Illustrating the use of concrete to level the rock 
surface to receive masonry. 
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Fio. 43. 

Section through Centre of Foundation of Pivot Pier of Grand Forks 
Bridge. Illustrating the use of piles, wooden platform, and rip- 
rap, {fiaker,) 
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FlQ. 44. 



End Elevation of Foundation of Pier of Croix River Bridge, 
trating the use of timber crib and piles. {Baker.) 
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Fig. 45. 




Mobile River Bridge Piers. Composed of two rows of screw-piles, 
about 9 feet centre to centre, with piles spaced about 8 feet apart. 
(See Engineering News, vol. xiii. p. 210.) 
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FiO. 47. 
h showing E^asential Features of Open CaisMD. 
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Fia. 4f), 

BMtiou of Ono of the Caiesona etnplojed Id the Foundations ot the 
Piers tor the WaahiiigtoD Bridge. 
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TABLES. 



Table I contains the crushing-strengths and the average 
weights of etone likely to be used in the construction of 
retaining- walls and foundations; also the average weights 
of different earths. 

Tahh II contains the coefficients of friction, limiting 
angles of friction, and the reciprocals of the coefficients of 
friction for various substances. 

Tables Illy I Vy and V contain the values of the coeffi- 
cients [see equation (1')] (^), ((7), {D) and (-£'), where 

, ^. cos (e —a) ,^. . , ,^. (cos (e— a) ) * 

(B) = — r ^ (C) = sm* a, (D) = < ^^ •' [ 

^ ' cos a cos € ' ( cos e ) 

A / ET\ o • • cos (e — a) 

and \E) = 2 sm or sin e ^ -. 

^ ' cos € 



The tables were computed with a Thacher calculating in- 
strument and checked by means of diagi-ams. It is believed 
that they are correct to the second place of decimals; an 
error in the third place of decimals does not aflfect the re- 
sults for practical pui-poses. 

Table VI contains the natural sines, cosines and tan- 
gents. 
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TABLE I. 

* VALUES OF W FOR MASONRY. 



Name. 



Brick, 

Pressed brick, fine joints 

Medium-quality brick 

Coarse^ inferior, soft. 

Oranite. 

Well dressed 

Well scabbled mortar rubble, J mass mortar 

dry rubble 

Roughly scabbled mortar rubble, J-| mass mortal 
Scabbled dry rubble 

Limestone, 

Ashlar, largest stones, thinnest joints 

Ashlar, 12"-20" courses, f'-J" joints 

Squared stone 

Best rubble 

Bough rubble 

Sandstone, 

Ashlar, large stones, thin joints 

Ashlar 12"-20" courses, f"-J" joints 

Squared stone 

Best rubble 

Rough rubble 



Crushing 
Strength 
in Tons 
_per Sq. 
Ft., Safe. 


Average 
Weight. 
Lbs. per 
Cu. Ft. 


6-15 


140 


6-10 


125 


5- 7 

• 


100 


60+ 


165 


20-40 


154 


20-40 


138 


20-40 


150 


5-16 


125 


40 + 


160 


40- 


155 


10-20 


148 




142 





136 


30+ 


138 


30- 


133 


10-20 


127 


2i-5? 


122 


2i-5? 


117 



* Based on data given in Architects and Builders' Pocket-book, by F. E 
Kidder, and Traut wine's Engineers' Pocket-book. (John Wiley & Sons.) 
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TABLE l—Contintied. 



THB ULTIMATE CRUSHINQ STRENGTH IN FOUNDS FEB SQUARE INCH OF 
FORTLAND CONCRETE ACCORDINO TO THACHER's FORMULAS BASED 
ON WATERTOWN EXPERIMENTS. 





Agie in Days. 


Remarks. 


Mixture. 


Seven 
Days. 


One 
Month. 


Three 
Months. 

3360 
2900 
2670 
2440 
2210 

1980 

1520 

1060 


Six 
Months. 


1:1:3 
1:2:4 
l:2i: 5 
1:3:6 
l:3i: 7 

1:4:8 

1:5 :10 

1: 6:12 


1600 
1400 
1300 
1200 
1100 

1000 

800 

600 


2750 
2400 
22-25 
2050 
1875 

1700 

1350 

1000 


4300 
3700 
3400 
3100 

2800 

2500 
1900 
1300 


^ = 1800-200a:; 7 days. 
iS=3100-350a:; 1 month 
5 = 3820-460a;; 3 months. 
/Sf=4900-600ar; 6 

:t;= parts of sand to one 
part cement; 

j9= ultimate strength for 
12-inoh cubes. 



See CemtrU, May, 1902. 

Ordinarily the tensile strength of concrete may be assulned as one 
tenth the compressive strength. 

The weight of concrete varies from 105 to 150 pounds per cubic foot. 

Cinder concrete weighs about 105 Iba. p^r cu. ft. 

Slag concrete ** ** 135 ** 

Crushed-stone concrete * * " 140 * * 

Gravel concrete " ** 150 ** 



According to 
H. G. Richey ^ 
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TABLE I— Continued, 

cbushina stbenoth of bbick and stonb in founds feb squabb inch 

(neabest hundbed founds). 
(Frank E. Kidder.) . 

The values given are for stones tested upon their natural beds. 



Brick. 



Granite. 



00 o 



Limestone. 



2 o 



o o 
00 -s 

CO O 

P4 



Common, Massachusetts 

St. Louis 

Washington, D. C 

Paving, Illinois 

Blue, Fox Island, Me 

Gray, Vinal Haven, Me 

Westerly, R. I 

Rockport and Quincy, Mass 

Milford, Conn. 

Staten Island, N. Y • 

East St. Cloud, Minn. 

Gunnison, Colo. 

* Red, Platte Cafion, Colo 

* Brandford, Conn. 

*Troy, N. H 

* Pigeon Hill, Mass 

Glens Falls, N. Y 

JoUet, III 

Bedford, Ind 

Salem, Ind 

Red Wing, Minn 

Stillwater, Minn 

Rutland, Vt., marble 

* Creole marble, Ga 

* Cherokee marble, Ga 

* Etowah marble, Ga 

* Kennesaw marble, Ga 

* Marble Hill marble, Ga. 

* Tuckahoe marble, N. Y 

* Mt. Vernon marble, Ky 



10000 
6400 
7400 
6000-13000 

14900 
13000-18000 
15000 
17800 
22600 
22300 
28000 
13000 
14600 
15700 
26200 
19700 

11500 

12800 

eOOO-10000 

8(600 
23000 
10800 
10700 
13500 
12600 
14100 

9600 
11500 
16200 

7600 



* From tests made at Watertown, Mass., and given in Johnson's Materials 
of Construction 
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TABLE 1— Continued, 

obushina stebnoth of bbiok and stone in pounds per squabe inch 

(nbabbst hundred pounds). 
(Frank E. Kidder.) 



SandBtone. 



o 

• FN 

v 

I 



I 



Brown, Dorchester, N. B 

Mary's Point, N. B., fine grain, dark 

brown 

Conn, brownstone. 

Longmeadow, Mass., reddish brown 

* ' * * average. 

Little Falls, N. Y 

Medina, N. Y 

Potsdam, N. Y 

Cleveland, Ohio f.. 

N. Amherst, Ohio 

Berea, Ohio 

Hummelstown, Pa. 

Fond du Lac, Minn 

** '' *' Wis 

Manitou, Colo., light red 

St. Vrain, Colo., hard, laminated 

♦ Cooper, Oregon 

♦ Cromwell, Conn 

♦ Maynard, Conn 

♦ Kibble, Mass 

♦ Worcester, Mass 



9200 

7700 
7000-13000 
7000-14000 
12000 
9900 
17000 
18000-42000 
6800 
6200 
8000-10000 
12800 
8800 
6200 
6000-11000 
11500 
15200 
10800 
9900 
10400 
9800 



ALLOWABLE VALUES OF R FOR VARIOUS MATERIALS IN POUNDS 

PER SQUARE INCH. 



Steel 16000 Granite 



roo* ;f.^« / 2500 tension 
uast iron ... I gQ^^ compression 

Spruce and white pine.. . 1000 

White oak 1250 

L. L. Southern pine 1500 

Bluestone flagging 270* 



Limestone 

Sandstone ; 

Slate 

Best hard brick, 

Hard brick 

Portland cement concrete, 
1:3:6, one month old . . 



180* 
150* 
120* 
540* 
150* 
80* 

20* 



♦ Safety factor— 10 for tension. 



no 
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TABLE 1--C(mtinued. 

VALUES OF ;- (fob THE MOST PART FROM '' CAMBRIA STEEL*'). 



Name. 






Anthracite, broken, of any size, loose 

* * " moderately shaken 

sohd 

Ashes of soft coal, solidly packed 

Cement, hydrauhc, Am. ground, loose 

* * * ' Cumberland, loose 

" ** ** thoroughly shaken 

EngUsh Portland. 

** *' ^ American Portland, loose 

*• ** '' thoroughly 

shaken. . 

Coal, bituminous, solid 

broken, of any size, loose 

' ' motlerately shaken 

Coke, loose, good quality 

Earth, common loam, dry, loose 

' * shaken 

** rammed. 

slightly moist, loose 

more moist, loose 

sha en 

packed 

as soft flowing mud 

The same well pressed 

Gravel, about the same as sand 

Mud, dry, close 

* * wet, moderately pressed 

** *' fluid 

Petroleum 

Salt, coarse 

Sand of pure quartz, dry, loose 

voids full of water. 

very large grains 

Water, pure 



(C 



(( 
<( 
(( 
<( 
<< 

C( 



(( 
(( 
(( 

C( 

(( 

C ( 



(( 
(( 



( ( 



( ( 






( ( 

C ( 






( ( 



I( 



Approxi- 
mate 
Values of 

4,. 



27 



15° 

... 
35° 



40° 
45° 



0° 

35° . 
30° 

35°(?) 
0° 



Average 

Weight in 

Lbs. per 

Cu. Ft. 



62-56 

56-60 

93.5 

40-45 

56 

65 

85 
81-102 

88 

110 

84 

47 62 

61-56 

23-32 

72-80 

82-92 

90-100 

7076 

66-68 

75-90 

90-100 

104-112 

110-120 

• • • • 

80-110 

110-130 

104-120 

54.8 

45 
90-106 
118-129 

117 
62.417 
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TABLE n. 

* ANGLES AND COEFFICIENTS OF FRICTIOK. 



Dry masonry and brickwork 
Masonry and brickwork 

with damp mortar 

Timber on stone 

Iron on stone 

Timber on timber ' 

Timber on metals 

Metals on metals 

Masonry on dry clav 

*' •* moist clay.... . 

Earth on earth 

Earth on earth, dry sand, 

clay, and mixed earth. . . . 
Earth on earth, damp clay . 
Earth on earth, wet clay. . 
Earth on earth, shingle and 

gravel 



tan ^. 



0.6lio0.7 

0.74 
about 0.4 
0,7 toO.8 
0.6 "0.3 
0.6 " 0.2 
0.26 ''O.IS 

0.51 

0.33 
0.26 to 1.0 

0.88 "0.75 
1.0 
0.31 

0.81 



* 



31° to 35° 

364" 

22* 
35'' tolftf' 
26i° " IW 
31* •* IW 

27° 
18J° 
14° to 46° 

21° *• 87° 
45° 
17* 

39° to 48° 



tan^ 



1.67 to 1.48 

1.35 

2.5 

1.43 to 3.33 

2 "5 

1.67 "5 

4 " 6.67 

1.96 

3. 
4tol 

2.68 " 1.33 
1 

3.23 

1.28 to 0.9 



* From Rankine's Applied Mecbanics. 
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TABLES, 



TABLE III. 



■ 


« = 5" 


a = 6» 


a = ?«> 


a = 8« 


a = 9t 




W 


(5) 


(B) 


1.010 


{B) 





1.004 


1.005 


1.007 


1.012 


5 


1.012 


1.015 


1.018 


1.022 


1.026 


10 


1.010 


1.024 


1.029 


1.035 


1.040 


15 


1.027 


1.034 


1.041 


1.048 


1.055 


20 


1.036 


1.044 


1.052 


1.062 


1.071 


25 


1.045 


1.055 


1.065 


1.076 


1.088 


30 


1.055 


1.066 


1.079 


1.092 


1.105 


35 


1.065 


1.079 


1.094 


1.109 


1.124 


40 


1.078 


1.094 


1.111 


1.129 


1.147 


45 


1.093 


1.111 

(C) 


1.131 


1.152 


1.173 




(C) 


(C) 


iC) 


(C) 




0.008 


0.011 


0.015 


0.019 


0.024 



TABLE IV. 



e 


a = 5« 


a = 6« 


a = l^ 


a = 8<» 


a = 9« 




{D) 


(D) 


(D) 


(D) 


kD) 





0.992 


989 


. 985 


0.981 


0.976 


5 


1.008 


1.008 


1.006 


1.005 


1.003 


10 


1.023 


1.026 


1.028 


1.030 


1.031 


15 


1.040 


1.046 


1.051 


1.056 


1.060 


20 


1.057 


1.066 


1.075 


1.084 


1.092 


25 


1.075 


1 089 


1.102 


1.114 


1.125 


30 


1.096 


1.113 


1.130 


1.147 


1.163 


35 


1.118 


1.140 


1.164 


1.183 


1.204 


40 


1.144 


1.172 


1.199 


1.226 


1.253 


45 


1.174 


1.208 


1.242 


1.276 


1.309 



TABLE V. 



e 


a = 5«» 


a = 6« 


a = 7» 


a = 8« 


a = 9° 




(E) 


iS) 


(E) 


{E) 


(E) 




















5 


0.015 


0.018 


0.021 


0.024 


0.027 


10 


0.031 


0.037 


0.043 


0.049 


0.055 


15 


0.046 


0.055 


0.065 


0.074 


0.083 


20 


0.061 


0.074 


0.086 


0.099 


0.112 


25 


0.076 


0.092 


o:io8 


0.124 


0.140 


30 


0.091 


0.110 


0.130 


0.149 


0.169 


35 


0.106 


0.128 


0.151 


0.174 


0.197 


40 


0.120 


0.145 


0.172 


0.198 


0.225 


45 


0.134 


0.162 


0.192 


0.222 


0.253 



TABLES, 
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TABLE lll-^-Cantinued, 



c 


a= 10» 


a=ll» 


a=12» 


o= 13«» 


a.=:14«» 




iBy 


(5) 


(fi) 


CB) 


l(fi) 





1.015 


1.019 


1.022 


1.026 


1.031 


5 


1.031 


1.037 


1.041 


1.047 


1.053 


10 


1.046 


1.055 


1.061 


1.068 


1.076 


15 


1.063 


1.073 


1.081 


1.090 


1.100 


20 


1.081 


1.092 


1.103 


1.112 


1.125 


25 


1.099 


1.112 


1.124 


1.136 


1.150 


30 


1.119 


1.135 


1.151 


1.163 


t.l79 


35 


1.141 


1.159 . 


1.175 


1.195 


1.211 


40 


1.166 


1.186 


1.205 


1.225 


1.245 


45 


1.195 


1.218 


1.240 


1.263 


1.288 




(C?) 


(C) 


(C) 


(0) 


(C) 




0.030 


0.036 


0.043 


0.051 


0W9 



TABLE lY— Continued. 



• 


a= 10« 


a=ll» 


a= V^ 


a= 13» 


a= 14» 

1 




(Z» 


(Z>) 


CD) 


0.950 


(D) 





0.970 


0.964 


0.957 


0.942 


5 


1.000 


0.997 


0.993 


0.988 


0.983 


10 


1.031 


1.031 


1.030 


1.028 


1.026 


15 


1.064 


1.067 


1.069 


1.061 


1.072 


20 


1.099 


1.105 


1.110 


1.U6 


l.lil 


25 


1.136 


1.147 


1.156 


1.165 


1.173 


30 


1.178 


1.194 


1.204 


1.220 


1.232 


35 


1.224 


1.244 


1.262 


1 281 


1.300 


40 


1.291 


1.304 


1.328 


1.353 


1.377 


45 


1.342 


1.375 


1.407 


1.438 


1.469 

1 



TABLE Y— Continued, 



■ 


tt= 10° 


tt= n*> 


a = 13«» 


a\ = 13«» 


a.= 14° 




(^) 


(/?) 


(^) 


cis:) 


(A?) 











. 








5 


0.030 


0.033 


0.036 


. 0.O39 


042 


10 


0.061 


0.067 


0.073 


0.079 


0.085 


15 


0.093 


0.102 


O.lll 


. 0.119 


Q.130 


2i) 


0.124 


0.137 


0.150 


0.168 


0.175 


25 


0.156 


0.173 


0.189 


0.205 


0.2^1 


30 


0.188 


0.208 


0.216 


0.248 


0.269 


35 


0.220 


0.244 


268 


0.292 


0.316 


40 


0.252 


0.280 


0.308 


0.336 


0.365 


4d 


0.284 


0.316 


0.349 


0.382 


0.415 
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TABLES, 
TABLE III— Continued, 



TABLE IN— Continued. 



TABLE Y —Continued, 



c 


a = 15° 


a= 16° 


a= 17° 


a= 18° 


a = 20* 




(S) 


(6) 


(B) 


1 . 051 


(fi) 





1.035 


1.040 


1.048 


1.062 


5 


1.059 


1.066 


1.076 


1.081 


1.098 


10 


1.084 


1.093 


1.104 


1.112 


1.132 


15 


1.110 


1.120 


1.134 


1.138 


1.168 


20 


1.135 


1.149 


1.165 


1.177 


1.218 


25 


1.165 


1.179 


1.197 


1.211 


1.245 


30 


1.195 


1.212 


1.233 


1.248 


1 . '288 


35 


1.229 


1.249 


1.272 


1.291 


1.339 


40 


1.268 


1.291 


1.317 


1.340 


1.389 


45 


1.313 


1.338 


1.369 


1.393 

(C) 


1.451 




(C) 


CC) 


iO 


(C) 




0.067 


0.076 


0086 


0.0»5 
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■ 


a= 15° 


a= 16° 


a= 17° 


a= 18° 


a= 20° 




W) 


(D) 
0.924 


(U) 


0.905 


(D) 




0.933 


0.915 


0.8S3 


5 


0.977 


0.971 


0.964 


957 


0.940 


10 


1.023 


1.018 


1.016 


1.011 


l.OlK) 


15 


1.072 


1.073 


1.071 


1 069 


1.068 


20 


1.124 


1.127 


1.129 


1.131 


1.132 


25 


1.181 


1.188 


1.194 


1.200 


1.208 


30 


1.244 


1.256 


1.266 


1.276 


1.293 


35 


1.316 


1.332 


1.348 


1.363 


1.390 


40 


1.400 


1.422 


1.444 


1.465 


1.505 


45 


1.500 


1.530 


1.559 


1.588 


1.643 



c 


o= 15° 


tt= 16° 


a= 17° 


a = 18° . 


a= 20° 




iE) 


(i5) 


(£) 


(E^ 


(^) 





0.04$ 














5 


0.047 


0.050 


0.053 


0.0.58 


10 


0.091 


0.097 


0.102 


0.108 


0.119 


15 


0.139 


0.148 


0.157 


0.165 


0.183 


20 


0.188 


0.200 


0.213 


0.225 


249 


25 


0.238 


0.254 


0.270 


0.177 


0.318 


30 


0.289 


0.309 


0.329 


0.349 


0.389 


35 


0.341 


0.365 


0.390 


0.414 


0.463 


40 


0.394 


0.423 


0.452 


0.481 


0.539 


45 


0.448 


0.482 


0.516 


0.551 


0.620 



Table VI. 



NATURAL SINES, COSINES, TANGENTS 

AND COTANGENTa 



NATQKAL SINES AND COSINBS. 



NATURAL SIHBS AND COSINB& 



KATURAL 6IKE8 AND COSINES. 



NATURAL SIMFS AND COSINBS. 



Tf A-nTRAt. SIHBB AMB COmiBSL 
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NATURAL TANGENTS AYTD COTAKQBNW. 



*0 


4» 


5- ! 


1 e» 


[ 7» 1 


60 


Tang 


CoUaig 


Tang 
.08749 


Cotang 


Tang 
.10510 


Cotang 


Tang 


Cotang 


.06998 


14.8007 


11.4301 


9.51436 


.12278 


8.14435 


1 


.07022 


14.2411 


.08778 


11.3919 


.10540 


9.48781 


.12308 


8.12481 


59 


2 


.07051 


14.1821 


.08807 


11.3540 


.10569 


9.46141 


.12338 


8.10536 


58 


8 


.07080 


14.1235 


.08837 


11.3163 


.10599 


9.43515 


.123C7 


8.06600 


67 


4 


.07110 


14.0656 


.08866 


11.2789 


.10628 


9.40904 


.12397 


8.06674 


56 


5 


.07139 


14.0079 


.08895 


11.2417 


.10657 


9.88307 


.12426 


8.04756 


65 


6 


.07168 


18.9507 


.08925 


11.2048 


.10687 


9.85724 


.12456 


8.02848 


64 


7 


.07197 


13.8940 


.08954 


11.1681 


.10716 


9.88155 


.12485 


8.00948 


63 


8 


.07227 


13.8378 


.08983 


11.1316 


.10746 


9.80599 


.12516 


7.99058 


62 


9 


.07256 


13.7821 


.09013 


11.0954 


.10775 


9.28058 


.12544 


7.97176 


51 


10 


.07286 


13.7267 


.09043 


11.0594 


.10605 


9.25530 


.12574 


7.95803 


60 


11 


.07314 


18.6719 


.09071 


11.0237 


.10834 


9.23016 


.12608 


7.93488 


49 


13 


.07344 


13.6174 


.09101 


10.9882 


.10863 


9.20516 


.12(333 


7.91583 


48 


13 


.07373 


18.5634 


.09180 


10.9529 


.10893 


9.18028 


.12663 


7.89784 


47 


14 


.07402 


18.6098 


.09159 


10.9178 


.10922. 


9.15554 


.12693 


7.87895 


46 


15 


.07431 


18.4566 


.09189 


10.8829 


.10953 


9.18093 


.12723 


7.86064 


45 


16 


.07461 


18.4039 


.09218 


10.84C3 


.10981 


9.10646 


.12751 


7.84242 


44 


17 


.07490 


13.3515 


.09247 


10.8189 


.11011 


9.08211 


.12781 


7.82428 


48 


18 


.07519 


18.2996 


.09277 


10.7797 


.11C40 


9.057C9 


.12810 


7.80623 


42 


19 


.07548 


18.2480 


.09306 


10.7457 


.11070 


9.03379 


.12840 


7.78825 


41 


SO 


.07578 


13.1969 


.09386 


10.7119 


.11099 


9.00988 


.12869 


7.77085 


40 


SI 


.07607 


18.1461 


.09365 


10.6783 


.11128 


8.98598 


.12899 


7.75254 


39 


22 


.07636 


13.0958 


.09394 


10.64C0 


.11158 


8.96227 


.12929 


7.73480, 


38 


23 


.07665 


18.0458 


.09423 


10.6118 


.11187 


8.93867 


.12958 


7,71715, 


37 


24 


.07695 


12.99C3 


.09453 


10.6789 


.11217 


8.91520 


.12988 


7.6C957 


36 


26 


.07724 


12.9469 


.09483 


10.6463 


.11246 


8.89185 


.13017 


7.68208 


35 


26 


.07753 


12.8981 


.09511 


10.6186 


.11276 


8.86862 


.13047 


7.66466 


34 


27 


.07783 


12.8496 


.09541 


10.4818 


.11305 


8.84551 


.18076 


7.64732 


38 


28 


.07813 


12.8014 


.09570 


10.4491 


.11335 


8.82252 


.13106 


7.68005 


82 


29 


.07841 


12.7536 


.09600 


10.4173 


.11364 


8.79964 


] .13136 


7.61287 


81 


30 


.07870 


12.7062 


.09629 


10.8854 


.11394 


8.77689 


.13165 


7.59676 


80 


81 


.07899 


12.6591 


.09658 


10.8538 


.11428 


8.75425 


.13195 


7.67872 


29 


32 


.07929 


12.6124 


.09688 


10.3224 


.11452 


8.73172 


.18224 


7.56176 


28 


33 


.07958 


12.6660 


.09717 


10.2913 


.11483 


8.70931 


.13251 


7.54487 


27 


34 


.07987 


12.6199 


.09746 


10.2603 


.11511 


8.68701 


.13284 


7.62806 


26 


85 


.08017 


12.4743 


.09776 


10.2294 


.11541 


8.66482 


.13313 


7.61133 


25 


86 


.06046 


12.4288 


.00805 


10.1988 


.11570 


8.64275 


.13843 


7.49465 


24 


87 


.06075 


12.8838 


.09834 


10.1683 


.11600 


8.62078 


.13372 


7.47806 


23 


88 


.06104 


12.8390 


.09864 


10.1381 


.11629 


8.59893 


.13402 


7.46154 


22 


89 


.08134 


12.2946 


.09898 


10.1080 


.11659 


8.57718 


.13432 


7.44509 


21 


40 


.08163 


12.2506 


.09923 


10.0780 


.11688^ 


8.55555 


.18461 


7.42871 


20 


41 


.06192 


12.2067 


.09953 


10.0488 


.11718 


8.53402 


.18491 


7.41240 


19 


42 


.08221 


12.1632 


.09981 


10.0187 


.11747 


8.51359 


.13521 


7.89616 


18 


43 


.06251 


12.1201 


.10011 


9.98931 


.11777 


8.49128 


.13560 


7.87999 


17 


44 


.06280 


12.0773 


.10040 


9.96007 


.11806 


8.47C07 


.18680 


7.36389 


16 


45 


.08309 


12.0346 


.10069 


9.93101 


.11836 


8.44896 


.13609 


7.84786 


15 


46 


.08339 


11.9923 


.10099 


9.90211 


.11865 


8.42795 


.13639 


7.83190 


14 


47 


.06368 


11.9504 


.10128 


9.87338 


.11895 


8.40705 


.13669 


7.81600 


18 


48 


.06397 


11.9087 


.10158 


9.81483 


.11924 


8.38G25 


.13698 


7.80018 


12 


49 


.08427 


11.8673 


.10187 


9.81641 


.11954 


8.30555 


.13728 


7.28443 


11 


60 


.06466 


11.8262 


.10216 


9.78817 


.11963 


.8.84496 


.13758 


7.26873 


IP 


61 


.06485 


11.7853 


.10346 


8.76009 


.12013 


8.82446 


.13787 


7.25310 


9 


62 


.06514 


11.7448 


.10275 


9.73217 


.12043 


8.80406 


.13817 


7.23754 


8 


63 


.06544 


11.7045 


.10305 


9.70441 


.12073 


8.28376 


.13846 


7.22204 


7 


64 


.08578 


11.6645 


.10334 


9.67680 


.12101 


8.26355 


.13876 


7.20661 


6 


65 


.08603 


11.6248 


.10363 


9.64935 


.12131 


8.24345 


.13906 


7.19125 


5 


66 


.06633 


11.5853 


.1CCC3 


9.62205 


.12100 


8.22344 


.13935 


7.17594 


4 


57 


.06661 


11.5461 


.10422 


9.59490 


.12190 


8.20352 


.13965 


7.16071 


8 


68 


.06690 


11.6072 


.10452 


9.56791 


.12219 


8.18370 


.18995 


7.14553 


2 


69 


.08730 


11.4685 


.10481 


9.54106 


.12249 


8.16398 


.14024 


7.13043 


1 


60 
i 


.06749 


11.4301 


.10510 


9.51436 


.12278 


8.14435 


.14054 


7.11587 




Cotang 


Tang 


Cotang 


Tang 


Cotang Tang 


Cotang 


Tang 


86» 


84» 


88» 
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M 


8' 


e^ 


lO" 


IP 


60 


"o 


Tangf 
.14054 


Cotang 


Tang 


Cot€Ulg 


Tang 


Cotang 


Tang 


Cotang 


7.11637 


.15838 


6.31875 


.17633 


5.67128 


.19438 


6.14456 


1 


.14064 


7.10088 


.15868 


6.30189 


.17663 


5.66165 


.19468 


6.13658 


59 


2 


.14113 


7.08546 


.15898 


6.29007 


.17693 


5.65205 


.19498 


5.12862 


58 


8 


.14143 


7.07059 


.15928 


6.27829 


.irras 


5.64248 


.19529 


6.12069 


57 


4 


.14173 


7.05579 


.15958 


6.26655 


.17753 


5.68295 


.19559 


6.11279 


66 


5 


.1420* 


7.04105 


.15988 


6.25486 


.17783 


5.62344 


.19589 


5.10490 


55 


C 


.14232 


7.02637 


.16017 


6.24321 


.17818 


6.61397 


.19619 


6.09704 


54 


7 


.14262 


6.91174 


.16047 


6.23160 


.17843 


5.60452 


.19649 


6.06921 


53 





.14291 


6.09718 


.1C077 


6.22003 


.17873 


5.50511 


.19680 


5.06189 


52 


9 


.14321 


6.982G8 


.10107 


6.20651 


.17903 


6.58673 


.19710 


5.07360 


51 


10 


.14351 


6.06823 


.16137 


6.19703 


.17933 


5.57638 


.19740 


6.06564 


60 


11 


.14381 


0.05385 


.10167 


6.18550 


.17968 


5.66706 


.19770 


6.05809 


49 


13 


.14410 


6.03052 


.10193 


6.17419 


.17993 


5.53777 


.19801 


6.05087 


48 


13 


.14440 


6.02323 


.16226 


6.16283 


.18023 


6.64831 


.19831 


6.04267 


47 


14 


.14470 


6.01104 


.16256 


6.15151 


.18033 


6.53927 


.19861 


6.08499 


46 


15 


.14499 


6.G3388 


.16286 


6.14023 


.18083 


6.53007 


.19891 


6.02r34 


45 


16 


.14529 


6.83278 


.16316 


6.12899 


.18113 


6.62090 


.19921 


5.01971 


44 


17 


.14559 


6.83874 


.16346 


6.11779 


.18143 


6.61176 


.19932 


5.01210 


43 


18 


.14508 


0.83475 


.16376 


6.10664 


.18173 


6.60264 


.19982 


6.00451 


42 


19 


.14618 


0.&i032 


.16405 


6.09552 


.18203 


5.40356 


.20012 


4.99695 


41 


20 


.14648 
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REINFORCED-CONCRETE RETAINING-WALLS. 

A RETAINING- WALL Constructed of reinforced concrete 
may be considered as a vertical beam acting as a canti- 
lever securely anchored to a horizontal beam which also 
may be considered as cantilevered at each end. This 
becomes clear upon considering Fig. 1. The wall ABGF 
is a cantilevered beam anchored at FGj where the section 
must be sufficient to safely resist the horizontal thrust of 
the earth above the plane of FG and the moment pro- 
duced by this thrust. The vertical weight of the wall 
also produces compression at the section, but, as will 
appear later, this is comparatively small and may be 
neglected. The same conditions obtain for each section 
of the wall above FG. 

Considering the wall and foundation as a whole, the 
intensities along LK have a tendency to bend upward the 
cantilever MF] while the weight of the earth above GI 
combined with the upward intensities along KL has a 
tendency to rupture the cantilever GI at G. 

In order to design a wall of this type it will be necessary 

to state the formulas upon which the design of reinforced 

beams is based. 
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The usual reinforcement is in the form of plain or 
deformed steel rods. 

The fonnulas used will be those given in the Standard 
Specifications adopted August 15, 1908, by the Amer- 
ican Society for Testing Materials. 



Nomenclature. 

(a) Rectangular Beams. 
/,= tensile imit stress in steel; 
/c= compressive unit stress in concrete; 
5, = modulus of elasticity of steel; 
^c=»niodulus of elasticity of concrete; 

ilf= moment of resistance, or bending moment in general; 
A = area of steel; 

6 = breadth of beam; 

rf= depth of beam to center of steel; 

A; = ratio of depth of neutral axis to effective depth d] 

2= depth of resultant compression below top; 

/= ratio of lever arm of resisting couple to depth d) 
jd=d—z==SiTm of resisting couple; 

p = steel ratio =A-^bd. 

Rectangular Beams Reinforced for Compression, 
A' = area of compressive steel; 
p'== steel ratio=A'-^6d; 
/a' = unit compressive stress in steel; 

C= total compressive stress in concrete; 
C'=a total compressive stress in steel =//A'; 
d'= depth to center of compressive steel; 

2 =» depth to resultant of C and C. 
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Shear and Bond. 
F= total shear; 
t;= shearing unit stress (lengthwise of beam just above 

bars); 
u=bond stress per imit area of bar (resisted by adhesion 

between cement and steel) ; 
0= circumference or perimeter of bar; 
So=sum of the perimeters of all bars. 
(b) Formulas. 
(1) Rectangular Beams," 



fM 







/. 



2pn+ (pn)2 

M M 
Ajd pjbcP' 

pjfs^d^, . - 

2M 2pfs 
jkbd^ k ' 



pn, . . . . 



e o • • • 



o o 



• • 



(1) 

(2) 
(3) 
(4) 

(5) 



APPENDIX A. 



141 



M=hikfJ><P, ....;... (6) 



p= 



1 



fc \nfc } 



(7) 



For /,= 15,000 to 16,000 and /c=600 to 650, / may 

be taken at \ and hence A;=f. 

Then 

ikf=0.865A/,d, (8) 

and 

Af =0.164/,6(i2. . (9) 

(2) Rectangular Beams Reinforced for Compression. 



■^ ■ ■■■^ 




k^'\J2n(p+p'j)+nHp+py-n(p + p'), . (10) 
i}s^d+2p'nd' (k-j) 



k'^ + 2p'n(k-j\ 



(11) 
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jd=d-z, (12) 

f 6M 



f,'=nf,-Y^, (15) 



(3) Shear, Bond, and Web Reinforcement, 
For rectapgular beams, 

For web reinforcement, 

P=— 1- (vertical reinforcement), . . . (18) 

P=0.7—r (diagonal reinforcement), . . (19) 
]a 

in which P = stress in horizontal reinforcement, F'=por- 
tion of total vertical shear assumed as carried by the web 
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reinforcement, and s= horizontal spacing of the rein- 
forcing bars. 

Approximately, jd may be taken as | for the usual 
working stresses. Then 



also 



87 , 87 

tr=^ and u=^, 



P=jV's and P-^V's. 



The formulas given above are based on the following 
assumptions: 

(1) A plane section before bending remain: plane 
after bending. 

(2) The modulus of elasticity of concrete in compres- 
sion, within the usual limits of working stresses, is 
constant. The distribution of compressive stresses in 
beams is therefore rectilinear. 

(3) In calculating the moment of resistance of beams 
the tensile stresses in the concrete shall be neglected. 

(4) Perfect adhesion is assumed between concrete and 
reinforcement. Under compressive stresses the two 
materials are therefore stressed in proportion to their 
moduli of elasticity. 

(5) Initial stress in the reinforcement due to con- 
traction or expansion in the concrete is neglected. 

The following working stresses will be used for concrete 
having an ultimate compressive strength of 2000 pounds 
at the end of 28 days. 
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Compression in extreme fiber 650 lbs. per sq. in. 

Tension in extreme fiber 

Shear, pure 120 

Shear, combined with other stresses . . 40 

Bond between concrete and steel 80 

Bond between concrete and drawn wire 40 

Sted Reinforcement Tensile stress not to exceed 
16,000 pounds per square inch. Compressive stress not 
to exceed 15 times the working compressive stress in the 
concrete. 

^,-h£,= 15. 

In order that the compressive stress in the concrete 
shall be 650 poimds per square inch and the tensile stress 
in the steel 16,000 poimds per square inch, p must 
equal about 0.0077. Then k = 0.378 and / = 0.873. 

From either (4) or (6) (nearly) 

M = 107.66cP or 108^2 say, for b = unity. 
Then 






(A) 



Since p= 0.0077, 

il=0.0077dfor6=unity (B) 

The following deformed bars are in general use at the 
present time. Small bars spaced at short intervals are 
preferable to large bars at long vntervals. 



APPENDIX A. 



145 



AREAS AND WEIGHTS OF DEFORMED BARS. 

(From Catalogues. ) 



• 
OS 

1 


Johnson 
Old Style. 


Johnson 
New Style. 


Johnson 
Universal. 


Thacher 
Patent. 


Ransome 
Twisted. 


Plain 
Round. 




*A 


*W 


A 


W 


A 


W 

1.18 
1.35 
1.97 
2.27 
2.85 


A 

0.18 
0.41 
0.55 
0.71 
1.10 


W 

0.61 
1.39 
1.87 
2.42 
3.74 


A 

0.25 
0.56 
0.77 
1.00 
1.66 


W 

0.86 
1.91 
2.60 
3.40 
5.31 


A 

0.20 
0.44 
0.60 
0.79 
1.23 


W 


- ■ 

' ! 

i 
I 


0.18 
0.37 
0.65 
0.70 
1.07 


0.64 
1.35 
1.95 
2.70 
4.00 


0.26 
0.66 
0.77 
1.00 
1.56 


0.85 
1.91 
2.60 
3.40 
5.31 


0.32a 
0.416 
0.64c 
0.66rf 
80e 


0.67 
1.60 
2.04 
2.67 
4.17 



* ii^'net area in square inches; TF=» weight in pounds per linear foot. 
«.A"XU; 6, rxii"; c. r'XU"; d, r'X2"; e,r'X2k". 



] feAMPLE 1 (Fig. 1, page 138) . -Investigate the strength 
and stability of the wall and foundation ABKLy Fig. 1. 
Wall and foundation composed of ordinary stone portland 
concrete proportioned 1:3:6 and weighing 140 pounds 
per cubic foot. The reinforcement is of medium steel 
having an ultimate strength of 64,000 pounds per square 
inch and a modulus of elasticity of 30,000,000. The 
earth weighs 100 pounds per cubic foot and has an angle 
of repose of 30*^. The surcharge load is equivalent to 
6 feet of earth. 



Section DC. 

The intensity of the earth-pressure normal to a vertical 
plane at any depth H is given by the formula (page 38) 

„ 1— sin0 100 „ 
^ ' l+sin0 3 
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hence the intensity at V is 200 pounds and at C 490 
pounds. The total thrust against the plane VC equals 

-—^8.75 or 3020 pounds. The application of this 

thrust is 3.76 feet above DC, or through the center of 
gravity of the intensity area 1243. 

The center of gravity of the wall above DC and the 
earth prism SS'VB can be found as follows: 

Moments about h'C: 
SSVB..,. [1.0X6.0 XlOO =600]0.5 = 300 
Bh'C i[l .OX 8.75 XlOO -438]^ = 146 

[103S]0.43 - 446 
ABmfm... [1.25X2X140 =350]1.625= 568.8 
mm'Dd\ . . {0.75 X 6.75 X 140 =709]1.375 = 974.9 
BCd' i[1.0X8.75X140 =613]0.667= 408.7 

[1672]1.17 =1952.4 

The center of gravity of the earth prism is 0.43 of a foot 
from VC and that of the wall 1.17 feet. 

Earth [1038]0.43= 446 

Wall [1672] 1.17 = 1952 

Combination [2710]0.89=2398 

The center of gravity of the combination is 0.89 of 
a foot from 6'C or 10.3 inches from D. 

Assuming the steel to be placed 3 inches from the 
surface of the concrete, the effective depth d of the 
section DC is 18 inches. Seven-eighths-inch O. S. 
Johnson bars spaced 4 J inches center to center are 
equivalent to 0.55 -J- 4.5 = 0.122 square inches per linear 
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inch of wall; hence p=0.122-5- 18 =0.0068. Remem- 
bering that n=15 in (1), A:=0.34 and A;d=6.12 inches, 
the distance of the neutral axis from D. 
The total moment per linear foot of wall is: 

For the earth thrust, +3020X3.70= +11400 ft.-lbs. 
For the vertical load, -2710X0.35= - 949 

Total 10451 ft.-lbs. 

104514-12=871 ft.-lbs. per linear inch of wall or 10451 
in.-lbs. per linear inch of wall. 

From (2) y=0.887 and hence /d=16 inches about. 

From (3) /,= 10451 -^ 1.67 = 6300 pounds per square 
inch. 

From (5) /.= 2X10451-^98= 213 pounds per square 
inch. These values are very much smaller than those 
allowable, hence the section is amply safe. The effect 
of the direct stress due to the weight of the wall above 
the section is so small that it has been neglected. 

Sectign FG, 

The block of concrete OFN and the earth in front of 
the wall will be neglected. If the section FG is sufficiently 
strong, all sections between FG and CD will be safe. 

The earth-pressure against the plane fe"(jis ^ — ^ 20 = 

10673 pounds per linear foot of wall, which acts 7.92 feet 
above FG, Taking the section as it is shown in Fig. 1, 
the vertical weight above FG and its point of application 
with reference toG can be found as follows: 
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[Weight on DC = 2710]3.14= 8509 

S'S'VC [2.25 X 14.75 X 100 = 3320]^ - 3735 

9 OK 

CC'G i[2.25 X 1 1.25 X 100 = 1265]^ = 948 

FDC [1.75X11.25X140= 277l]3.12= 8646 

J[2.25 XI 1.25X140= 1771] 1.50= 2656 

[11837]2.07 =24494 

The total vertical load is 11,800 pounds per linear foot 
of wall and acts 2.07 feet from (?'. The effective depth 
for FG is 48-3 = 45 inches; If O. S. Johnson bars 
spaced 4 inches center to center are equivalent to 
1.07 -e- 4 =0.2675 square inches per linear inch of wall; 
hence p = 0.2675^-45 = 0.006 nearly. 

From (1) fc= 0.353 and ftd=15.9 inches. The distance 
of the neutral axis from F, 

From (2) /= 0.882. 

The total moment per linear foot of wall is: 

For the earth thrust, + 10670X7.92= +84500 ft.-lbs. 
For the vertical load, -11800X0.47=- 5550 " 

Total 78950 

or 78950 -^ 12 = 6580 ft.-lbs. per linear inch of wall or 
78950 in.-lbs. per linear inch of wall. 

From (3) /, = 78950-^107.2 = 7360 pounds per square 
inch. • 

From (5) /,= 2X789.50 4- 630 = 260 pounds per square 
inch. The values of /« and /, are much smaller than 
. those allowed. 
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A review of the above calculations shows that the effect 
of the vertical load and its moment is too small for con- 
sideration, and consequently the sections of the wall can 
usually be designed for the moment jyroduced by the earth- 
pressure alone. The earth-pressure may be assumed to 
act against a vertical plane and, hence, horizontally, 
unless the back of the wall has a great inclination from 
the vertical. 

Foundation, 

The earth-pressure against the vertical plane Xfe'" is 
12,500 pounds per foot of wall and acts 8.62 ft. above LK. 
The earth in front of the wall will be neglected. The 
total vertical pressure on the plane LK is 23,500 pounds 
per foot of wall and acts 4.2 feet from K. 

Taking moments about the point where the resultant 
of the earth-prcssiu'e and the vertical load cut^ LK, 

23500X2 = 12500X8.62. .\ 2= 4.58 ft. 

The resultant, then, cuts LK 5.22 ft. from L and 7.00 — 
5.22 = 1.78 ft. from the centre of LK; hence aro = 1.78 ft. 

The intensity of the vertical pressure at the toe of the 
foundation is (page 31) 

(i_i.6^) (,,6X1.78)23500 ^_,^,, ., 

p= jl4-"^J.po = s 1 + — rr — l^-TT" «3000lbs. per sq.ft. 

Since p' =2po — p, p' =400 lbs. per square foot. The allow- 
able intensity at the toe is (eq. 17, page 39) 

p=4X100{9} =3600 lbs. per sq. ft., 

and the least allowable intensity at the heel is (eq. 18, 
page 40) 

p'=28X100{0.11} =308 lbs. per sq. ft. 
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As the actual intensity at the toe is less than the allowable, 
and that at the heel greater than required, the spread and 
depth of the foundation is fairly satisfactory. A some- 
what greater spread or a greater depth would be better. 

For the first few weeks after the wall is completed, and 
probably even after the earth has been filled in back of 
the wall, the earth in front of the foundation cannot be 
considered as opposing the sliding of the wall along LK. 
If undisturbed it would require s\, horizontal force of (eq. 
26, page 43) 

(4^^100 
p_v*^iuug_2400 lbs. per foot of wall 

to overcome its resistance. This is about one-fifth the 
total horizontal force acting. 
The resultant makes an angle with the vertical which 

has a tangent of '=0.532. From Table II, page 111, 

it appears that the structure is just about safe against 
sliding forward if remains 30®. 

The portion of the foundation upon the left of F may 
be considered as a cantilever acted upon by the intensities 
indicated in the figure. Neglecting all materials above 
the plane MF, the moment about F is . 

[1700X7 =11900]3.5 =41650) ^^^^ 
[1300X3.5= 4550]4.67 =21250) ^ 

62900 
[2X7X140= 1960]3.5 = 6860 {downward. 



Total moment =5604^ ft. -lbs. per foot of wall 
or 4670 '' '' inch*' '* 
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Placing the reinforcing steel 1^ inches from the surface 
of the concrete the effective depth of the section at F 
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Fig. 2. 



is 24—1.5=22.5 inches. 1'' O. S. Johnson bars spaced 
4 ins. centre to centre are equivalent to 0.70 -;- 4 = 0. 175 sq. 
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in. per linear in. of wall and hence p= 0.175 4- 22.5^ 0.0078. 
For this value of p and n=15, A; =0.38 and y=0.873. 
/a = 56040 -J- 3.44 =16300 pounds per square inch. /.= 
56040X2^171.8=668 pounds per square inch. The 
values of /, and /, are very little different from those 
allowable. 
The vertical shear at the section through F is 

11900+4550 -1960= 14500 pounds, 

or 7250 pounds per square foot for the depth of 24 
inches. This is equivalent to about 50 pounds per 
square inch which is 10 pounds in excess of the allowable 
value. Since the concrete NFO built in the shearing 
area is actually, about 4 feet deep, the section is amply 
safe against shearing. 

Inspection shows that the main wall is safe against 
horizontal shear, as each square foot of section can 
safely resist a shear of 5760 pounds. 

Example 2 (Fig. 2). Design a reinforced-concrete wall 
to replace the design shown in Fig. 1. Let the wall be 
assumed vertical on the back. 

Section DC. 

The moment of the earth-pressure is: 
3020X3.76= 11400 ft.-lbs. per linear foot of wall 
or 11400 in-lbs. '! " inch " « , 

Assuming p= .0077, the effective depth is from (^4) 



:=V^=V'4^= 10.2 inches. 



108 " 108 
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Using I" N. S. Johnson bars they must be spaced 
not to exceed 0.77-5-0.00785=9.8 inches centre to centre. 

If the bars are placed IJ diameters from the surface 
of the concrete the total depth of the section becomes 
10.2 + 1.5(1) = 11.51 inches, say 12 inches. 

The actual spacing of the bars will not be settled 
until the spacing of the bars below has been determined. 

Section FG. 
The moment of the earth-pressure is 

10670X7.92=84500 ft.-lbs. per linear foot of wall 
or 84500 in.-lbs. " " inch " " 



From {A) d= V^^ = 28 inches. 

From (J5) .1=0.0077X28=0.216 square inches per 
linear inch of wall. 

Using I" N. S. Johnson bars they must be spaced 
about 0.77-^0.216=3.5 inches centre to centre. Let 
these bars be spaced 3 inches centre to centre and extend 
alternate bars to the full height of the wall, the other^^ 
extending to section CD, 

The total depth of the section should be 28+1.5(|) 
= 29.3 inches, say 30 inches. 

Foundation, 

Assume the foundation concrete to be 15 ft. long and 
2 feet deep, with projections as shown in the figure. 
The centre of gravity of the weight of the wall, founda- 
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tion, and the earth supported by the concrete back of 
the wall (neglecting that in front) is found as follows: 

M(Tment8 about IK: 

Foundation [2.0X15X140= 4200]7.50 =31500 

Wall [* = 3743]5.80 =21715 

Earth [5.0X26X100 = 13000]2.5 =32500 

[20944]4.09 =85715 

Hence the resultant vertical pressure upon the earth is 
20,933 pounds per foot of wall and acts 4.09 feet from IK. 
If 2 is the distance from the point of application of this 
resultant to the point where the resultant of this force 
combined with the thrust of the earth cuts the base of the 
foundation, 

209002 = 125.00X8.62, 

The distance of this point from the centre of the base is 

a:i) = (5 15 +4.09) -7.5 = 1.74 feet. 

♦ [l.OX 2.0 = 2. coop. 5 = 1.00 
[0.6X 6.75= 3.376]0.25= 0.84 

[0.5X-^= 1.687]0.67= 1.13 

[l.OXll. 25=11. 260p. 50= 5.62 

11 OK 

[1.6X— ^^ 8.430]1.50=12.65 

26.742]0.80=21.24 
140 

3743 lbs. 
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/, , 6X1.74X20900 ^.^ , , ^ 

p = I IH — — \ ' =2400 pounds per square feet; 

po = ,, = 1400 pounds per square feet; 
15 

p' =22)0 -p =2800- 2400 =400 pounds per square foot. 

From eq. 17, page 39, the allowable value of p is 

p =4X100(9.0} =3600 pounds per square foot. 

From eq. 18, page 40, the minimum value of p' is 

p' =28X100 {0.11} =308 pounds per square foot. 

The actual values are well within the above limits. 

Let the portion of the foundation in front of the verti- 
cal plane through F be assumed as a cantilevered beam 
acted upon by the upward intensities as indicated. Neg- 
lecting the weight of the concrete and the earth above it 
the moment at F is found as follows: 

[1000X^= 3750jJ- 7.5 = 17750 
[1400X7.5 = 10500]} . 7.5 =39375 



Total moment =57125 ft. -lbs. per loot of wall 
or 4760 '' '' inch'' '' 



,^J57125 



From (.4) d=\ -T7rr-=23 inches. 

108 



From {B) i4 = 23X0.0077 = 0.177 square inch per 
linear inch of wall. |" N. S. Johnson bars must be 
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spaced not to exceed 0.77 -r- 0.177 =4.3 inches centre to 
centre. 

The total depth of the section should be 24.3 inches. 
This will be more than realized when the comer at F 
is filled in as shown in Fig. 2. In no case should an 
abrupt change of direction be made in the profile at 
this section. Fillets should be built in at F and G, 

The vertical shear at this section is about 14300 
poimds per foot of wall. After the fillet is in place 
this is amply provided for. 

The maximum stress near this section is probably 
that usually called diagonal tension, which might pro- 
duce failure along an inclined surface starting near F 
and running downward toward the rear of the wall. 
This can be provided for by bending the ends of the 
horizontal reinforcing rods so that they cross diagonally 
from top to bottom below FG. See Fig. 2. 

The projection of the foundation in the rear of the 
wall is treated in a manner similar to that employed 
above. 

The moment at G is: 

Earth [26X5X 100= 13000]2.5= 32500 ) , 

Concrete... [2X5X140= 1400]2.5= 3500) ^^^^^^ 
[400X5 =2000]2.5 = 5000) 

[333X5X0.5= 833]| = 1390) "^^^^^ 
Total =29600 ft.-lbs. per linear foot of wall! 

Using the same reinforcement employed in the forward 
portion, inspection shows that the section at G is ample 
to resist bending and shear. 
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Abutting Power. 

Assuming that the earth in front of the wall and founda- 
tion well replaced, the total abutting value is (see page 43) 

P = LjLi00X3=2400 pounds per linear foot of wall. 

As this earth is almost entirely back-filled it will not be 
safe to depend upon it to resist very much sliding action 
of the wall. The tangent of the angle between the ver- 
tical and the resultant pressure upon the base is ^ ■ ^ = 

0.596, corresponding to an angle of 30° 49'. This is greater 
than the angle of repose of the earth retained and hence 
some provision must be made to prevent the wall and 
foundation from sliding forward. One method to {ire- 
vent sliding will be to build a wall in front of the founda- 
tion extending from the top to a point some 4 or 
5 feet below the bottom of the foundation. This 
wall need not be over 2 feet thick (if reinforced with 
vertical bars) to safely resist shear and bending. As 
the wall can be placed so as to fill the excavation the 
abutting power of the earth in front will become available. 
Another method is to extend the wall below the foun- 
dation. This is effective, and furthermore provides 
secure anchorage for the vertical reinforcing bars, as 
shown in Fig. 2. 

Anchorage of Bars. 

The ends of the reinforcing bars must be extended 
beyond the sections sufficiently to develop the strength 
of the bars by the bond between concrete and steel. 
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The bars employed have ia perimeter of fX4=3.5 
inches, and hence the bond strength per linear inch of 
bar is 3.5X80=280 pounds. If 16,000 pounds per 
square inch is developed in the bar, it must be anchored 
for a length not less than 16000 X 0.77 -^ 280 = 44 inches. 
This does not consider the effect of the deformed shape 
of the bars, which materially increases the bond. Since 
there is only 24 inches of concrete below FG without 
extending the wall downward, as explained above, the 
vertical bars can be anchored only by making this exten- 
sion or by introducing a longitudinal bar or pipe to 
which the rods can be attached, as shown in Fig. 5. 

Expansion. 

Concrete has been assumed to have sensibly the coeffi- 
cient of expansion of steel, but it is very questionable if 
any but a small range of temperature need be provided 
for. Designers of concrete walls have either provided 
vertical joints in the walls or introduced longitudinal 
bars near the face to prevent cracking under changes 
of temperature. Both methods have been successful. 

If the area of the longitudinal bars is about -^Ij^ of 
the area of the concrete profile, the effect of temperature 
changes will be provided for (very approximately). 

Remarks. 

Difficulties in construction will require a greater thick- 
ness at the top of the wall show.i in Fig. 2. Alsd the 
back should be battered to a point below the frost line, 
as shown in Figs. 4, 5 and 6. As stated before, the 
jimction of the wall proper with the base should be 
made gradually, as shown in Figs. 2, 3-6. 
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Pia. 8.— Seclion of RetalDiog-wall, Trench, and Timbering. 
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Fig. 9.— Seotioi through the Dayton, O., Retaining Wall. 
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t'iG. 11. — Typical Cross-sec I ion of Track EtevatioD ReUuning V. i 
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EXAMPLES FROM PRACTICE. 

Fig. 3. A concrete wall at Indianapolis, Indiana, built 
in 1904 under the direction of Mr. H. W. Klausmann, 
County Engineer. The wall is 300 feet long without ex- 
pansion joints, and after several months of winter weather 
showed no indication of cracking. (Strength of Rein- 
forced Concrete, by T. L. Condron. Paper read March 15, 
1905, Western Society of Engineers, Chicago.) 

Figs. 4, 5, and 6. Examples of reinforced-concrete walls 
used in connection with the subway of the Philadelphia 
Rapid Transit Co. The vertical'rods are bent around a 
2i-inch pipe with a small radius, making an effective 
anchorage. {The Engineering Record, Feb. 25, 1905.) 

Figs. 7 and 8. Walls constructed on The Great Northern 
Railway and described as follows by Mr. C. F. Graff, 
Locating Engineer C, M. & St. P. Ry., of Washington, in 
Engineering News, May 3, 1906: 

"A reinforced-concrete wall of the type here described 
consists of three component parts, base, ribs, and face, all 
of which are so tied together by the embedded reinforce- 
ment as to assure monolithic action by the structure as a 
whole. The- filling placed between the ribs and on top of 
the reinforced base assists in preventing overturning, and 
the saving of all the concrete thus replaced by filling is 
the principal cause of economy of this style of wall as con- 
trasted with the ordinary gravity type of structure. The 
base and face may be assumed to act as continuous beams 
of equal span lengths, consisting of the distances centre to 
centre of ribs, in this case 7.5 feet. Such assumed action 
demands reinforcement near front and rear faces of face- 
wall and upper and lower faces of base. Referring to Fig. 7, 



«. 



168 ) APPENDIX A. 

f • 

this horizontal reinforcement is indicated near top and 
bottom of base, a thickness of 2 feet having been assumed 
for the latter, but referring to Fig. 8 it is seen that the base 
as actually built possesses a far greater thickness, in some 
places no less than 12 feet, and it is clear that no horizontal 
reinforcement was required. Such was, therefore, omitted, 
this omission resulting in a saving of about $600. All 
other reinforcement was placed exactly as shown in Fig. 
7. The vertical reinforcing bars in the face-wall. Fig. 7, 
are inserted to prevent horizontal cracks in the face which 
would be induced by vertical stresses resulting from the 
slab action of the face-panel. For the same reason, tind 
also to reinforce the toe of the wall, the transverse rein- 
forcement is inserted in the base. The ribs or buttresses 
act as cantilevers in resisting the overturning moment of 
the earth filling which transmits its thrust from the face- 
wall to the ribs. The diagonal bars near the back faces 
of the ribs reinforce the latter against this cantilever ac- 
tion, and as this moment increases as the depth increases, 
the reinforcement section is increased correspondingly, as 
shown in Fig. 7, by the insertion of more bars. Vertical 
bars are placed in the ribs and assist the diagonals referred 
to 'in securely binding the ribs to the base. •To prevent 
tensile failiure between face-wall and rib the horizontal 
bars in the latter are inserted, such bars extending as near 
the face of the wall as possible. Shearing failure of the 
face near the ribs is also taken care of by the horizontal 
reinforcement in the former. This horizontal reinforcement 
is seen to increase as the depth increases to provide for in- 
creasing pressures. Johnson corrugated bars were used in 
this wall, and the Johnson formulas for average 1:3:6 rock 
concrete form the basis of design. 



APPENDIX A, 169 

"Though the original design is based upon the assump- 
tion that the wall is free to tip around its toe, this condition 
by no means obtains. Fig. 8 makes it. clear that the rock 
toe all along front of wall restrains this tipping action to a 
great extent. So also do the exceedingly massive base 
demanded and put in for other reasons referred to later, 
and the numerous anchor-bolts, binding the base to the 
rock foundation, assist in preventing tipping. It is prob- 
able, therefore, that the width 'of base consistently em- 
ployed and equalling half the clear height of wall is rather 
excessive, but in view of the existing severe conditions 
and possible slides which would jar the structure, it was 
considered good practice to take every possible and prac- 
tical precaution and pay less attention to the cost involved. 

" Not for a great many years will the full pressures be 
brought upon this concrete wall on accoimt of the per- 
manent timbering behind same. Fig. 8 makes it apparent 
that this timbering will, so long as the same remains in a 
fair state of preservation, to a considerable extent relieve 
the, pressures on the wall proper, and its presence will in- 
sure the attaining of a high strength by the concrete 
before it is put to the test." 

Fig. 9. A wall at Dayton, Ohio. A portion of this 
wall fafled by being undermined by water. Engineering 
News, March 10, 1910. 

Fig. 10. A wall which was designed for the Chicago, 
Milwaukee and St. Paul Ry. under the condition that 
the wall should be on the property line but no part of 
the foundation to extend beyond this line. Engineering 
News, Apr. 20, 1911. 

Fig. 11. A typical cross-section of track elevation 
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retaining wall built by the C, B. & Q. Ry. in Chicago. 
Engineering World, March 8, 1907. 

Figs. 12, 13 and 14. The three cross-sections show 
a gravity profile and two reinforced concrete profiles. 
The reniforced profiles were designed by Mr. F. A. Bone. 
The Engineering Record, April 25, 1908, 
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PROFILES OF GRAVITY WALLS RETAINING 

EARTH. 

The following profiles were collected by the Committee 
on Masonry of the American Railway Engineering and 
Maintenance of Way Association. (Vol. 10, Part II, 
Proceedings, also The Engineering Record^ Sept. 11, 1909.) 

Fig. 1 illustrates a type of wall having considerable 
batter on the face and a nearly vertical back. For 
earth level with top of wall the resultant pressure on the 
base falls inside the middle third. For a surcharge of ten 
feet the resultant passes very near the toe. 

Figs. 2-6 inclusive are profiles of walls retaining track 
elevation embankments. Several of these walls have 
moved forward at the top. Sections Figs. 4 and 5 are 
reported as not moving out; Fig. 6 has. moved out 2^ 
inches; Fig. 2, 4 inches; and Fig. 3, 11 inches. 

Figs. 7 and 8 represent two old walls. Both have 
moved forward at the top, Fig. 8, 15 inches. 

Fig. 9 is a profile of a wall which overturned and was re- 
placed by Fig. 10, which has not moved (rock foundation). 

Figs. 11 and 12 are walls without surcharge. Fig. 11 
is concrete built in 1907 and has a pile foundation; no 
movement has been discovesed. Fig. 12 is a rubble 

m 
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masonry wall built 1897 and has moved out at the top 
5 inches. 

Fig. 13 is a track elevation wall that has moved out 
at the top 7i inches. The company that built this wall 
has adopted the profiles Figs. 14 and 15. 

Figs. 16 and 17 are parallel walls for track elevation. 
Fig. 17 has moved out 4 inches at the top. 

Figs. 18-21 inclusive indicate the profiles adopted by 
one railroad for track elevation. 

Fig. 22 is a profile of a wall built by the Chicago and 
Northwestern Railway for track elevation in Chicago. 

Another set of profiles of walls for retaining, earth 
has been collected by Mr. Frank H. Carter, and published 
'in Engineering News July 28, 1910. A number of these 
profiles are shown in Figs. 23-40 inclusive. 

Fig. 23. N. Y., N. H. and H. R. R., Providence 
Division. Geo. T. Sampson, Div. Engineer. 

Fig. 24. Penn., N. Y. and L. I. R. R. For water 
bearing earth. Contract drawings. Alfred Noble, Chief 
Engineer. 

Fig. 25. Penn., N. Y. and L. I. R. R. For drained 
earth. Contract drawings. Alfred Noble, Chief En- 
gineer. 

Fig. 26. Boston Subway. Contract drawing. Sec. 
11. H. A. Carson, Chief Engineer. 

Fig. 27. East Boston Tunnel. Boston Transit Com. 
Sixth Report. H. A. Carson, Chief Engineer. 

Fig. 28. Penn. Ave. Subway, Philadelphia, Pa. Geo. 
S. Webster, Chief Engineer. 

Fig. 29. Detroit Tunnel. Concrete on pile founda- 
tion. Surcharged. Walls, Bins and Grain Elevators. 
Milo S. Ketchum. 
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Fig. 30. Borough of the Bronx, New York City. 
S. C. Thompson, Prin. Asst. Engineer. 

Fig. 31. lUinois Central R. R., Chicago, 111. Built 
in 1905. Concrete on pile foundation. Walls, Bins and 
Grain elevators. Milo S. Ketchum. 

Fig. 32. Boston and Maine R. R. Standard profile 
for concrete. F. B. Rowell, Asst. Chief Engineer. 

Fig. 33. Boston and Albany R. R. For embank- 
ments without surcharge. When embankment is loaded 
with a track assume a surcharge of six feet. William 
Parker, Div. Engineer. 

Fig. 34.. Penn. R. R. * Standard drawings. Wm. H. 
Brown, Chief Engineer. 

Fig. 35. N. Y. C. and H. R. R. R. Geo. W. Kittredge, 
Chief Engineer. 

Fig. 36. Sea Wall. Lynn Shore Reservation, Met. Park 
Commission. J. R. Roblin, Chief Engineer. 

Fig. 37. Sea Wall. Cradock Bridge. Met. Park 
Commission. 

Fig. 38. Sea Wall, Charleston Bridge, Boston, Mass. 
Wm. Jackson, City Engineer. 

Fig. 39. Sea Wall on Charles River, City of Cambridge, 
Mass. Park Dept. L. M. Hastings, City Engineer. 

Fig. 40. Subway, South Station, Boston, Mass. Geo. 
B. Francis, Chief Engineer. 
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